ELASTICITY  AND  STRENGTH 

OF 

MATERIALS  I'SED  IN  ENCilNKKUlNG 
(ON-IKICTIOX 


SECTION  I\ 

COLUMNS 

Elastic  Theory  and  Economic  Desi^ 

AM) 

Analysis  of  Eye  Bars 
Pin  and  Rivet  Connections 

BY 
C.  A.  P.  TrHNKU.  Consulting'  Engineer 

MINNEAPOLIS.  NEW  YORK.  WINNIPEG 
NEW  ORLEANS 

MEM.  AM.  SO<\  M.  E. 

MEMBER  AM.  SOCIETY  TESTING  MATERIALS 

MEMBER  SOC.  PROMOTION  ENGINEERING  EDUCATION 

MEM.  AM.  SOC.  C.  E. 


MINNEAPOLIS,  MINN..  1924 


PRICE.  $5.00 
COPYRIGHT.  1924 
ALL  Uir,l!T<  KKSERVED 


.^^" 


ADVANCE  NOTICE 

SECTION  V  will  deal  with  the  economic  theory  of  bridge  con- 
struction, truss  types,  economic  triangulation,  economic  floor  system 
and  paneling  and  comparison  of  the  various  types  and  their  fitness 
or  adaptability  to  different  locations. 
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PRFFACE 

Whether  as  engineers  we  are  exercising  our  thinking  faculties  to 
develop  structural  practice  within  the  straight  and  narrow  path  of 
correct  theory,  or  are  straying  therefrom  step  l)y  step  by  imitating 
the  work  of  others  can  be  best  disclosed  by  the  historical  review. 

Thus  a  study  of  the  development  of  the  form  of  heavy  column 
sections  in  the  past  discloses  the  saving  by  many  of  our  bridge 
engineers  of  thirty  cents  worth  of  pin  plate  by  concentrating  the 
metal  in  the  web  at  the  expense  of  the  flange  at  a  sacrifice  of  a  dollar's 
worth  of  strength  in  the  main  member.  The  underlying  cause  of  the 
Quebec  collapse  was  the  adherence  to  this  bad  practice,  the  last  step 
only  was  the  dangerous  adoption  of  a  seemingly  conservativ^e  increase 
in  the  slendemess  ratios  over  that  pf  the  Blackwells  Island  Bridge 
chord  and  those  of  other  bridges. 

The  development  of  the  Rankine  Eulerian  theory  of  columns  has 
been  again  and  again  presented  in  works  on  mechanics  of  materials 
without  change  for  a  generation  after  the  practical  builder  had  de- 
termined by  experience  that  end  conditions  in  practice  were  unrelated 
to  the  coefficients  of  the  theor>'.  Notwithstanding  a  half  century 
of  experience  with  struts  of  hollow  and  unsymmetrical  makeup  our 
writers  on  mechanics  still  present  the  old  formulas  for  a  solid  strut 
applied  without  suggested  modification  to  the  diverse  forms  of  fab- 
ricated sections  in  omimon  use. 

The  identity  ot  .sircngih  of  ht)ll()\v  luljes  with  spherical  ciuls  and 
hinged  ends  is  noted  and  the  non-identity  of  strength  of  angle  and 
T  struts  with  spherical  bearings  and  hinged  bearings  are  investigated 
and  the  reason  for  the  divergence  in  strength  is  found  in  the  different 
twisting  resistances  of  the  different  disposition  of  the  metal. 

During  the  displacement  of  iron  by  mild  steel  pioneers  in  its  use 
prcxriaimed  its  superior  qualities,  greater  homogeneity  and  strength 
than  that  of  wrought  iron.  In  substantiation  of  these  claims  the 
ability  of  the  softer  grades  of  steel  to  stand  excessive  drifting,  bend- 
ing and  doubling  of  the  metal  upon  itself  without  reference  to  the 
stance  or  work  required  to  cause  such  distortion  dcvelo|)ed  mis- 
ling  standards  for  determination  of  the  relative  fitness  of  the 
Inaterial  for  the  work  it  is  to  perform  in  the  structural  frame. 


IV 

The  lack  of  precise  knowledge  regarding  the  relative  resistance  to 
compression  of  wrought  iron  and  steel  is  clearly  illustrated  by  an 
endeavor  in  the  preliminary  report  of  the  special  Committee  of  the 
American  Society  on  columns  to  reduce  test  results  upon  wrought 
iron  sections  to  their  equivalent  in  steel  by  the  addition  of  twenty 
percent  to  the  iron  values  when  the  old  wrought  iron  columns  fab- 
ricated from  metal  having  a  tensile  strength  of  50,000  pounds  per 
square  inch  developed  under  compression  considerably  greater 
strength  than  steel  columns  with  a  metal  of  60,000  pounds  tensile 
strength.  A  discussion  of  the  quality  of  metal  from  the  economic 
standpoint  involving  a  bird's  eye  view  pf  the  possibilities  of  further 
development  is  presented  in  connection  with  the  discussion  of  econ- 
omic design  of  compression  members. 

Stress  line  analysis  as  developed  in  Section  II  of  this  series  is 
applied  to  disclose  the  condition  of  stress  in  the  solid  column  rand 
in  demonstrating  the  manner  in  which  the  material  obeys  Hooke's 
law.  Heretofore  column  action  had  been  regarded  much  as  described 
by  Horace  E.  Horton,  Trans.  Am.  Soc.  C.  E.  LXXII,  p.  461 — 

"It  is  subtle  and  illusive,  and  may  side-step" 
"It  is  composite,  and  not  homogeneous". 
"No  law  is  written  as  to  the  proper  relation  and  propor- 
tion of  its  constituent  parts." 

In  developing  a  rational  theory  to  bridge  this  void  in  exact  knowl- 
edge of  this  important  subject,  the  writer  has  touched  upon  the  errors 
of  assumption  which  underlie  the  complex  theory  of  secondary  stress 
which  is  the  bane  of  the  practical  designer  today  and  applying  the 
criterion  of  historical  review  traces  the  development  of  these  cumber- 
some theories  to  the  failiire  of  badly  designed  German  bridges  in 
which  the  collapse  may  be  more  rationally  accounted  for  by  the  lack 
of  understanding  of  the  proper  design  of  the  main  compression  mem- 
bers independent  of  the  secondary  stresses  due  to  displacement  of 
the  action  line  of  the  stress  in  the  plane  of  the  truss.  Stress  line 
analysis  is  applied  to  the  eye-bar  head  and  the  distribution  of  stress 
through  the  bar  itself  disclosing  the  reason  for  the  greater  elongation 
of  the  metal  toward  the  end  than  in  the  center  and  an  approximation 
to  the  proper  proportion  of  the  head  if  the  bar  is  to  break  in  the  body 
and  the  distortion  of  the  head  is  not  to  be  excessive.  The  departure 
in  large  sized  eye  bars  from  those  proportions  found  to  test  satis- 
factorily in  the  smaller  bars  has  been  touched  upon  and  the  substan- 
tiality of  the  criticism  seems  warranted  by  the  usual  failure  in  the 


heads  of  a  number  of  the  large  bars  tested  for  the  information  of  the 
Board  of  Engineers  of  the  Quebec  Bridge. 

The  rising  working  values  in  shear  and  l)e.'irin^  for  ri\cts  has 
been  traced  historically  and  the  elastic  lheor\'  applieii  to  the  deter- 
mination of  the  magnitude  ot  tlu  principal  elastic  stresses  to  which 
the  material  is  subjecietl  l)efore  it  commences  to  receive  a  permanent 
set.  The  result  of  such  analysis  indicates  that  th^  resulting  principal 
stresses  so  greatly  exceeds  the  app>arent  shear  siress  figured  on  the 
cross  sectional  area  of  the  rivet  that  a  return  to  the  more  conserva- 
tive values  used  for  shear  and  l^earing  in  the  days  of  wrought  iron 
and  the  early  introduction  of  steel  is  in  order. 

Ill  the  early  design  of  the  pin  connected  brid^*  mh--  it  was 
thought  nect*ssar\'  to  figure  the  pins  for  shear  only  and  n(^t  tor  moment. 
Why  the  correction  and  rectification  of  this  deficient  practice  was 
not  extendeti  to  the  rivet  whii  h  .is  the  parts  commence  to  slide  is 
subjected  to  Ijending.  axial  tension  and  shear,  is  an  oversight  in 
theoretical  treatment  that  it  is  difficult  to  account  for.  When  the 
designers  of  our  great  structures  are  conscientiously  endeavoring  to 
keep  working  values  within  the  elastic  limits  of  the  material  and 
are  going  to  such  extremes  as  that  of  providing  for  secondary'  stresses 
in  the  main  members  which  exist  more  predominently  in  the  imagin- 
ative assumption  of  the  computer  than  in  the  finished  structure, 
consistency  demands  that  the  humble  rivet,  though  of  insignificant 
size  receive  the  same  careful  attention  for  upon  it  the  stability  and 
endurance  of  our  structure  depends.  Upon  what  theor>'  do  we  con- 
sistently keep  the  working  stresses  in  the  body  of  the  memljer  well 
below  the  yield  point  value  of  the  metal  and  increase  them  in  the 
l)earing  on  the  pin  plate  approximating  the  yield  point  of  the  metal? 
Figuratively,  the  inconsistency  of  such  practice  comes  within  the 
Levitic  category  of  straining  at  a  gnat  and  swallowing  a  camel 
without  salt. 

May.  1924.  t     A    I'    Ii  rnkr. 
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CHAPTFR  XVn 

AXIAL  STRESS  AND  BENDING  COMBINED 

1.  Introdutory:  Every  horizontal  member,  subject  to  longi- 
tudinal omipression  or  tension,  presents  a  state  of  combined  axial 
stress  and  bending.  Application  of  the  longitudinal  stress  eccentri- 
cally gives  rise  to  a  like  state  of  stress.  If  the  member  is  short  and 
the  lateral  deflection  small,  simple  superposition  of  axial  stress  upon 
the  state  of  Ijending  stress  cau.sed  by  the  eccentricity  of  application 
of  the  axial  force  is  sufficient  for  practical  purposes;  whereas,  if  the 
member  is  long,  its  treatment  becomes  more  complex. 

2.  Strength  of  a  Hook  or  Block  Under  Eccentric  Loading: 
Fig.  A  represents  a  hook  to  which  the  axial  pull  P  is  applied  at 

an  eccentric  distance  x  from  the  center  of  gravity  of  mid  section. 

Fii^.  R  represents  a  short  block  subject  to  a  compressive  force 
/'.  .1  ilisiance  x  from  the  center  of  gravity  of  its  cross  section. 


Fie  B. 


Fit.  C. 


For  each  case  the  axial  stress  equals 
f.'P/A 

The  bending  stress  equals 
{Px)e      (Px)c 
h 


1) 


(2) 


/         Ai* 

in  which  r  is  the  radius  of  gyration  of  the  settion.    Theref<w«, 

/.+/b-/-^A-<(/+«-/r») (3) 

equals  the  maximum  fiber  stress,  tension  for  the  hook,  or  compression 
for  the  bkKk. 


2  RANKINE  AND  EULER  FORMULAS 

3.  Rankine's  Formula  for  columns  up  to  forty  diameters  may 
be  derived  from  equation  (3)  as  follows:  Suppose  the  load  P  to  be 
applied  to  the  column  ends  axially  on  knife  edge  bearings  and  to 
be  of  sufficient  magnitude  that  a  certain  sidewise  bending  takes 
place  measured  by  a  central  ordinate  x.  As  in  the  case  of  the  block, 
the  bending  moment  from  which  fb  is  derived  equals  Px.  By  the 
theory  of  flexure  the  deflection  of  the  locus  of  pressure  equals  the 
square  of  the  length  L  multiplied  by  a  coefficient  representing  the 
elastic  properties  of  the  material  and  the  end  conditions  divided 
by  C  the  distance  of  the  outer  fiber  to  the  neutral  plane.  Sub- 
stituting this  value  of  x  in  (3),  we  may  write: 

U 
f=P/A(l+a )_ ...- (4) 

r2 

which  is  Rankine's  formula  for  columns  of  ordinary  length  which 
fail  by  bending  and  crushing  on  the  concave  side  of  the  member. 
The  evaluation  of  the  coefficient  (a)  for  different  conditions  will  be 
investigated  in  connection  with  Euler's  formula  in  the  following 
article. 

4.  Euler's  Formula  for  the  ultimate  strength  of  very  long 
columns  is  derived  on  the  assumption  that  failure  is  caused  solely 
by  the  fiber  stress  of  flexure;  i.e.  that  the  component  compression 
P/A  may  be  neglected  in  comparison  with  the  far  greater  fiber  stress 
of  bending.    As  before,  the  moment  of  flexure  equals: 

M  =  Px ___ (5) 

Treating  the  moment  areas  as  substantially  parabolic  for  practical 
purposes,  the  lateral  deflection  equals 

*5  MU 
x= (6) 

Jt8    EI 

Substituting  this  value  of  x  in  (5) 

El  T^EI 

P  =  9.6 — =appr. ..-(7) 

Which  latter  is  Euler's  formula  for  the  ultimate  strength  of  a  very 
long  column  hinged  at  its  end. 

From  (7)  it  is  obvious  that  the  magnitude  of  P  is  independent 

♦5/48  is  slightly  less  than  the  exact  coefficient  of  the  sign  curve  of  moment  area. 


EIXER  FOHMLLA  APn.lED 


of  the  magnitude  of  the  lateral  deflection  x.  Elastic  resistance  to 
lateral  bending  increases  with  an  increase  of  deflection  but  the  lever 
of  the  liending  moment  which  causesd  eflection  increases  in  like  ratio 
since  the  deflection  under  the  pure  bending  assumed  is  the  lever  of 
the  applied  forces.  The  state  of  equilibrum  under  the  load  P  deter- 
mined by  the  formula  is  unstable  within  the  elastic  limits  of  the 
material  of  the  strut  or  spring  and  represents  its  ultimate  resistance. 

When  the  column  is  cylindrical  this  equation  becomes 

P''t*Ed^mD''Ed*/2D  app. 
And  for  a  square  column 

P''i^Ed*/12L»^5Ed*/6L*  app. 

Church  in  his  Applied  Mechanics  gives  the  following  interesting 
application  of  Euler's  formula  to  a  ver>'  thin  steel  ruler:  I.  =  30 
inches;  /J=l/30th  inch:  width  2  inches;  P  =  3X(10)* -M62,{)00X 
900=2.03  pounds. 

Experiment  showed  that  a  small  addition  to  a  load  of  two  pounds 
caused  a  large  increase  of  sidewise  bending. 

A  clear  idea  of  the  deportment  of  the  long  column  and  the  law 
of  increase  of  its  fiber  stress  with  increase  of  load  may  be  obtained 
by  the  following  simple  experiment  with  a  42"  I"  -  puire  with  a 
blade  of  wood  2J^"  X  1/8".  Such  a  square  approxiniaies  in  length 
the  height  of  a  roll  top  desk.  Stand  the  blade  vertically  parallel 
to  the  face  of  the  end  of  the  desk;  secure  a  number  of  half  inch 
square  steel  bars  18"  long  as  weights.  Place  the  ends  of  two  bars 
one  on  each  outer  end  of  the  head  and  incline  them  toward  each  other 
resting  the  other  end  on  a  book  on  the  desk  top.  Then  weight  the 
blade  by  placing  one  at  a  time  bars  crossing  the  first  pair  but  near  to 
the  head.  Compute  the  reaction  on  the  head  from  the  position  of 
the  weights  and  measure  the  deflt  <  t  i(  .n  ( .f  the  blade  outward  from  the 
face  of  the  desk. 

Up  to  two  pounds  no  *perceptible  deflection  appears;  then 
with  an  increase  of  weight  a  small  deflection  is  noted  which  increases 
with  each  additional  weight  added  while  the  lateral  stability  of  the 
bent  blade  decreases  so  that  with  each  added  weight  a  greater  and 
greater  deflection  in  proportion  to  the  weight  occurs  until  the  weight 
reaches  the  limit  of  the  resiliance  of  the  blade  (i.e.  P  of  Euler's 

*The  tludrni'*  ■tiention.  in  connrctlbn  with  thi*  phrnoneiUL  i»  r«f«rr«d  to  Art.  JI9 
Rankinr.  Appiini  .Mrchank*.  I  \ 

Thtoum  A  tpring  u(  »  glvrn  Ipngihiund  Mction.  to  the  end*  01  who*«  neutral  aurface  « 
pair  of  iotcM  mn  appllca  will  not  b«nd  if  tm>  (orcn  w»  leM  than  a  cdtain  Anltv  nMniiudr. 
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4  END  CONDITIONS 

formula)   when  equilibrium  becomes  unstable  and  the  blade  will 
continue  to  bend  until  it  dumps  its  load  or  fails  in  the  process. 

5.  The  End  Condition  of  the  Column,  whether  free  to  turn 
or  clamped  and  fixed,  is  a  large  factor  in  the  determination  of  the 
intensity  of  the  working  stress  and  ultimate  strength. 

Case  I :  (Solid  Sections)  Both  Ends  Clamped :  Embodies  a 
constraint  of  elastic  bending  expressed  by  the  condition  that  dx/dy  =  0 
for  y  =  0  and  y  =  l  in  which  as  before  x  is  the  horizontal  ordinate  of 
deflection  and  y  the  vertical  coordinate  of  any  point  along  the 
length  of  the  column. 

The  curvature  (exaggerated)  will  be  that  repre- 
sented by  Fig.  D  analogous  to  the  curvature  of  a 
beam  restrained  at  both  ends  under  UNIFORM 
loading.  Sections  thru  the  points  of  inflection  i-i 
by  virtue  of  the  end  restraint  are  subject  to  thrust 
without  bending,  hence  the  column  length  between 
the  points  of  inflection  i-i  presents  a  condition 
identically  the  same  as  a  column  with  hinged  ends 
treated  in  Arts,  3  and  4,  with  the  length  decreased  pig.  d. 

as  the  reciprocal  of  the  square  root  of  three. 

Inserting  this  value  in  (4),  Rankine's  formula  for  the  column  with 
solid  symmetrical  section  with  fixed  ends  becomes 

/=P/J(l+aL2/3r2) .(4)a 

And  Euler's  formula  for  ultimate  strength  for  columns  with  fixed 
ends  likewise  becomes 

P^Stt^EI/D (7a) 


///yva^S>  ^^Jr^^  /y/A/ 
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Case  II :  One  End  Fixed  and  the  other  End  Hinged  is  inter- 
mediate between  two  ends  fixed  and  two  ends  hinged  so  that  the 
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numerical  factor  n  to  be  inserted  in  the  Rankine  and  Euler  formula 
is  2  instead  of  3  as  in  Case  I. 

Case  III:  Flat  Ends  is  the  term  designating  a  -((u.iri-  milled 
end  bearing  which  fixes  the  column  end  up  to  a  slenderness  ratio  of 
about  100  L/r  for  a  symmetrical  section  when  the  bending  of  the 
section  commences  to  relieve  the  pressure  on  the  outer  portion  of 
the  bearing  area  toward  the  convex  side  and  tht  deportment  of  the 
strut  approaches  more  and  more  closely  as  the  length  increases  to 
that  of  the  column  with  hinged  ends,  but  the  ultimate  strength 
remains  greater  even  for  such  large  ratios  of  Lfr  as  four  hundred 
because  of  the  favorable  shift  of  the  center  of  application  of  the  load 
with  the  bending  of  the  shaft  toward  the  corner  thus  reducing  its 
lever  arm. 

Case  IV:  Round  Ends:  The  round  end,  such  as  a  ball  and 
socket  bearing  for  a  synunetrical  solid  shaft,  will  develop  sub- 
stantially the  same  strength  as  a  hinged  end  which  has  the  load 
applied  to  a  knife  edge  bearing  at  the  center  of  each  end.  When 
the  section  is  unsymmetrical  such  as  a  T,  a  pair  of  angles,  a  single 
angle  or  a  Z-column  section  with  4  Zs  and  a  plate,  the  hinged  l:>earing 
will  develop  greater  strength  than  the  ball  and  socket  bearing  because 
tin  hinge  largely  increases  the  torsional  rigidity  over  the  ball  and 
Mxkei  Ijearing  and  the  increase  in  ultimate  strength  developed  by 
the  hinged  end  over  that  of  the  round  end  represents  the  change 
in  torsional  couple  affecting  the  ultimate  resistance.  The  marked 
degree  of  twisting  of  Z-sections  tested  by  the  Bureau  of  Standards 
is  a  matter  that  is  today  too  well  known  to  require  further  comment. 

The  preceding  investigation  differs  from  that  customarily  found 
in  text  books  on  mechanics  of  materials.  Church  assumes  that 
because  the  tangent  to  the  elastic  curve  of  the  column  is  zero  at  the 
point  of  restraint  as  far  as  bending  is  concerned  that  the  end  quarters 
of  the  column  are  in  the  same  condition  as  the  center  quarters 
reversed  but  as  was  shown  in  Section  II  the  form  of  the  deflection 
cur\'e  is  determined  by  the  double  summation  of  moment  and  slope 
areas. 

In  the  derivation  of  the  formula  the  ordinate  along  the  length 
of  the  column  l)eing  x,  varies  as  a  cur\'ilinear  function  with  the 
bending  of  the  column  and  not  as  a  linear  function  which  is  the 
le  condition  under  which  the  points  of  inflection  locate  themselves 
the  quarter  points. 
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6.  Stress  Line  Analysis  of  column  action  may  assist  greatly 
in  clarifying  the  nature  of  the  resistance  presented.  If  we  conceive 
of  an  ideal  concentric  application  of  the  load  upon  parallel  milled 
column  ends  on  frictionless  surfaces  then  the  principal  compressions 
lie  parallel  to  the  axis  of  the  column,  the  principal  tensions  lie  normal 
to  the  axis  and  the  curves  of  greatest  shear  would  make  an  angle 
of  forty  five  degrees  to  the  axis.  The  manner  in  which  this  stress 
distribution  is  modified  in  service  may  be  investigated  for  any  given 
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non-uniform  distribution  of  compression  over  the  end  sections  by 
the  principles  applied  in  Section  II  to  beams. 

In  Fig.  C2,  assume  full  restraint  at  the  column  ends  and  a  fiber 
stress  variation  from  zero  at  the  left  to  a  maximum  at  the  right  side 
of  the  shaft.  Since  action  and  reaction  must  be  equal  and  opposite 
the  *same  fiber  stress  area  reversed  must  lie  at  6.6  the  mid  section 
of  the  columns.  Divide  the  fiber  stress  area  at  the  bearing  into 
four  equal  divisions  at  1—2—3  and  4,  B/ 2— .707 IB,  and  .8665 
respectively  from  a. 

Since  the  restraint  imposes  no  condition  governing  the  direction 
of  the  principal  compressions  at  the  column  end  we  may  conclude 

♦Rigidly  true  before  appreciable  bending  occurs. 
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that  they  maintain  the  straight  line  character  of  the  previous  case, 
i.e.,  that  they  incline  toward  the  axis,  as  ab, — Ic, — 2d, — 3e,  etc. 

As  the  intensity  of  the  stress  along  ab  is  zero  at  the  ends  (by 
virture  of  the  stress  areas  assumed  it  will  represent  the  curve  of 
equilibrium  of  the  shearing  stresses  which  adjust  or  govern  the 
distribution  of  the  longitudinal  compressions  uptm  consecutive  crc»s 
sections.  As  the  fiber  stress  area  follows  the  lineallaw  in  its  variation 
the  shear  stress  intensity  along  ab  would  follovf  the  [>arabolic  law 
and  the  coordinated  divisions  J',  A''.  L' — J,  K,  L  are  determined  as 
in  the  case  of  the  beams  Section  II.  As  the  compression  at  the 
boundary  varies  from  zero  at  the  center  to  a  maximum  at  4  the  points 
e  d  e  at  the  extremities  of  \c — 2d — ie  will  divide  64  into  equal  parts 
by  Hooke's  law.  Unlike  the  principal  compressions  le, — 2d, — 3e, 
the  principal  compressions  /5 — g6 — k7  must  meet  the  conditions  of 
restraint  at  6,6  and  become  parallel  to  the  axis  at  5,  6  and  7  since  a 
principal  stress  cannot  change  abruptly  in  direction  in  an  elastic 
media.  .And  moreover  each  of  these  curves  must  intersect  the 
principal  tension  6o6  at  right  angles.  These  curves  may  be  treated 
without  material  error  as  parabolic  and  the  principal  tensions  be 
drawn  thru  /,  J,  K,  L,  J',  K',  L',  normal  to  the  principal  compressions. 
The  cur\es  of  greatest  shear  will  be  the  diagonals  of  the  trapezodial 
figures  formed  by  the  coordinated  riirves  of  principal  tension  and 
compression. 

From  the  divergent  conditions  governing  and  controlling  the 
direction  of  the  principal  compressions  in  the  end  and  central  quarter 
lengths  of  the  column  it  is  obvious  that  the  points  of  inflection 
cannot  locate  themselves  at  the  quarter  p>oints  as  commonly  though 
erroneously  assumed. 

Stress  analysis  ('3  considers  part  of  the  stress  area  tension  instead 
of  all  compression  from  it  we  observe  that  as  the  stress  changes 
from  all  compression  across  the  end  faces  and  central  section  to 
part  tension  and  part  compression  the  locus  of  equilibration  of  the 
longitudinal  shears  moves  toward  the  Column  Endjt;  thereby  account- 
ing in  part  for  the  very  rapid  rise  in  the  value  of  the  controlling 
maximum  fiber  stress  after  this  change  has  occurred. 

Before  the  outer  fiber  on  one  side  is  subjected  to  tension  the 
bending  moment  is  measured  by  a  couple  whose  lever  arm  for  fixed 
ends  is  <f/3  or  less  than  d/3,  and  the  magnitude  of  the  force  fomiing 
this  couple  equals  the  stress  volume  of  the  triangular  area  whose 
baw  is  thediamcrer  and  altitude  the  differtMice  l)ctween  the  maximum 
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and  minimum  outer  fiber  compression  at  the  center  of  length.  Since 
the  moment  of  a  couple  is  the  same  about  any  point  in  a  plane  the 
principle  of  least  work  requires  that  resistance  of  the  unbalanced 
compression  center  about  the  extreme  edge.  The  moment  of  inertia 
is  therefore  four  times  as  great  as  in  simple  flexure.  The  variation 
in  the  moments  of  inertia  and  section  modulii  for  different  degrees  of 
change  from  all  compression  longitudinally  of  the  shaft  to  tension 
on  one  side  and  compression  on  the  other,  may  be  readily  investigated 
by  the  formula  for  the  value  of  /'  for  a  shift  of  the  axis  from  that  of 
the  center  of  gravity  of  the  section  I'  =  Io-\-Ah^. 
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Fig.  CMR  gives  a  plot  of  these  values  of  /  in  decimals  of  bd^ 
and  of  R^  in  decimals  of  <f  and  also  a  curve  of  the  values  of  I'/C 
in  which  C  is  the  distance  of  the  extreme  fiber  in  compression  from 
the  axis  or  center  of  rotation.  When  the  total  longitudinal  stress 
upon  normal  sections  is  compressive  the  fiber  stress  area  of  com- 
pression at  mid  length  of  the  column  is  trapezoidal  made  up  of  a 
rectangular  component  giving  rise  to  uniform  longitudinal  com- 
pression (i.e.  without  bending)  and  a  triangular  compressive  stress 
area  giving  rise  to  both  shortening  and  bending.  The  state  of  stress 
produced  by  this  triangular  component  area  is  that  represented  for 
fixed  ends  in  Fig.  C2,  in  which  the  principal  tension  on  the  normal 
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mid  section  is  at  right  angles  to  the  axis  and  the  principal  com- 
prtaekMB  are  parallel  to  the  axis  of  the  shaft. 

Bending  is  thus  induced  by  the  equilibration  of  unbalanced 
shearing  distortion  instead  of  being  substantially  measured  by  the 
itude  of  the  major  plus  and  minus  fiber  elongations  in  parallel 
as  in  beam  action. 


^    snean 
Ipmagn 


The  relation  of  the  major  stresses  of  compressid.i  in  parallel  and 
tension  at  right  angles  to  the  axis  of  the  shaft  instead'  "f  '"-'h  in 
parallel  with  it  at  mid  length  is  so  antipodal  to  the  stai  -^  in 

beam  action  that  rigid  reasoning  as  to  column  liending  by  analogy 
to  the  bending  of  beams  in  simple  flexure  leads  to  erronernis  ri'siilts. 

Thus  the  bending  i»!  a  l>cam  is  about  the  neutral  a.vi.-  which  at 
mid  span  is  at  the  center  of  the  symmetrical  section  and  is  the  plane 
of  equilibration  of  the  longitudinal  shears.  In  the  column  problem 
of  Fig.  C2  the  equilibration  of  the  longitudinal  shears  is  unrelated 
to  the  neutral  plane  of  beam  action  intersecting  the  outer  edge  at 
mid  length  and  end.  The  moment  of  inertia  and  square  of  the  radiu^ 
of  gyration  opp>osing  the  trending  couple  is  therefore  four  times  a.> 
great  as  though  the  resistance  were  analogous  to  beam  action  and  the 
corresfx>nding  deflection  resulting  from  a  given  eccentricity  of  load- 
ing is  one  fourth  as  great  as  by  analog>'  to  beam  action  and  the 
increase  in  fiber  stress  but  one  eighth  as  great. 

When  the  state  of  stress  changes  to  tension  on  one  side  the  moment 
of  inertia  undergoes  that  rapid  change  shown  in  Fig.  C.M.R.  and 
smaill  increments  of  load  then  cause  such  lar^e  increments  of  lateral 
deflection  that  for  the  practical  column  in  bridge  and  building  work 
this  point  of  change  may  be  considered  a  critical  one  approximating 
closely  the  useful  strength  of  the  member  when  L/R  is  less  than  120. 

The  rapid  reduction  in  lateral  rigidity  after  this  critical  change 
in  the  fiber  stress  area  occurs  accounts  for  the  curious  deportment 
of  the  T-square  blade  in  the  i\|k riments  described  in  (4). 

7.  History  and  Use  of  Rankine^s  Formula :  I  !  >rin  ua- 
first  proposed  by  Tredgold  on  theoretical  grounds,  umh^  \i\  place  of 
L  r  for  the  slendemess  ratio,  L/d  in  which  d  was  taken  as  the  out 
to  out  of  the  solid  or  hollow  cylindrical  cast  iron  section.  Hodgkin- 
son's  empirical  formula  replaced  it  for  a  time  when  it  was  revived 
by  Mr.  Lewis  Gordon  who  evaluated  constants  for  the  formula  from 
the  experiments  of  Hodgkinson.  The  formula  in  that  form  was 
known  as  Tredgold -Gordon  formula  but  because  it  did  not  take  into 
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consideration  the  different  distributions  of  the  metal  and  make 
up  of  the  section  where  it  was  not  solid,  Rankine  proposed  the 
substitution  of  Ljr  as  the  slenderness  ratio  in  place  of  Ljd  and 
the  form'ula  thus  modified  became  known  as  the  Rankine  formula 
or  Rankine-Gordon  formula. 

In  figuring  the  ultimate  strength,  Gordon  took  for  wrought 
iron  /=36,000;  for  cast  iron  80,000;  and  the  coefficient  a  =  1/3000 
for  wrought  iron;  for  a  cast  iron  hollow  cylinder  1/800  and  for  cast 
iron  solid  cylinder  1/400.  The  column  with  fixed  ends  was  taken  as 
being  four  times  instead  of  three  times  as  strong  as  the  column  with 
round  ends. 

In  this  respect  the  formula  disagreed  with  Hodgkinson's  experi- 
ments in  which  the  long  solid  prismatic  column  was  found  to  be 
only  three  times  as  strong  with  fixed  ends  as  with  round  ends  as  we 
have  shown  should  be  the  case  upon  theoretical  grounds. 

The  ultimate  strength  so  figured  was  customarily  divided  by  a 
factor  of  four  in  design.  In  later  practice  building  wrought  iron 
bridges,  see  Vol.  VIII,  Trans.  Am.  Soc.  C.  E.,  the  following  modifica- 
tion of  Rankine's  formula  was  used  to  a  large  extent  as  shown  in 
the  following  formulas  in  which 

p  =  the  mean  compressive  strength  on  the  cross  section 

L  =  the  length  in  inches 

r  =  the  radius  of  gyration  of  the  section,  in  inches. 

8000 

p  — for  square  end  compression  members 

1 +2.2/40000  r2 

8000 

p  = for  compression  members  with   one  pin   and 

l-f-iV^OOOO  r2  one  square  end 

8000 

p  = for  compression  members  with   pin  bearings. 

l+L2/20000r2 

While  in  1898  Mr.  C.  C.  Schneider  used  for  soft  and  medium 
steel  the  following  modification  of  the  same  formula: 

15,000 

p  = for  soft  steel 

1+L2/I3,500r2 
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17.000 

p  — for  medium  steel. 

l+L»/n.000r» 

It  is  to  be  noted  that  in  the  early  design,  of  wrought  iron  bridges 
in  this  country  that  the  erroneous  coefficient  n  was  not  used,  as  the 
difference  t>etween  a  pin  end  and  a  fixed  end  was  covered  by  a 
coefficient  equaling  the  reciprtx-al  of  40,000  for  fixed  ends  and  the 
reciprocal  of  30.000  for  pin  and  square  ends  aifd  the  reciprocal  of 
20,000  for  two  pin  ends.  Further,  experiment  on  pin  ends  brought  to 
light  the  fact  that  nearly  the  same  strength  was  developed  for  the 
pin  end  as  for  the  square  or  fixed  and  where  the  length  was  not  too 
great. 

8.  Rational  Column  Formulas:  All  column  formulas  in  use 
with  the  exception  of  Huler's  are  empirical,  i.e.,  derived  from  the 
result  of  tests  to  rupture  of  the  member.  Euler's  formula,  because 
it  disregards  direct  compression  is  applicable  to  only  very  long 
columns  such  as  are  rarely  used  in  engineering  structures.  Because 
of  the  injurious  effect  of  range  of  stress  when  exceeding  the  natural 
limits  of  elasticity  of  the  material  it  is  very  desirable  to  develop 
column  theor>'  in  such  wise  that  the  magnitude  of  the  elastic  stress 
under  the  applied  load  will  be  known. 

To  derive  such  a  formula,  let  /  equal  the  maximum  compressive 
stress  on  the  concave  side  of  the  column,  let  u  equal  P/A  the  average 
compression  over  the  cross  section  of  the  piece.  Following  the  general 
reasoning  of  Tredgold  and  Rankine,  this  leads  to  the  expression 


(1) 


\Xq  — 


in  which  q  varies  as  the  numbers  1,  1/2,  1/3,  etc.,  for  different  end 
conditions. 

This  formula  for  the  medium  length  column  is  to  be  combined 
with  that  ot  I  uKr  lor  long  columns  because  thegraditmn  from  the 
short  to  the  long  column  must  Ik?  gradual  and  not  abrupt.  The 
reasoning  of  Kuler  may  l)e  expressetl  by  the  e({uation. 

w*K      r» 

u (2) 


12  RATIONAL  FORMULAS 

in  which  E  is  the  coefficient  of  elasticity  and  n  has  the  values  above 
noted. 

Rational  column  theory  must  embrace  both  of  these  cases. 
For  the  very  long  column  it  should  reduce  to  substantially  Euler's 
expression.  For  a  short  block  or  prism  where  L  is  relatively  small 
with  respect  to  r  it  should  reduce  to  u=f  or  the  unit  load  equals  the 
unit  stress. 

Let  L/r  be  regarded  as  the  abscissas  of  a  curve  and  be  denoted 
by  X.  Let  the  unit  load  u  be  the  ordinate  and  be  denoted  by  y. 
Then  the  formulas  of  Rankine  and  of  Euler  may  be  written 

/  7r2£ 

y  = and  y  = 

l-\-qx^  nx^ 

Now  in  order  that  these  two  formulas  may  be  combined  into 
one,  the  curves  represented  by  these  equations  must  be  tangewt  to 
each  other,  and  this  condition  will  determine  the  value  of  q.  For  the 
point  of  tangency  the  two  ordinates  are  equal,  and  also  the  two 
derivatives  of  y  with  respect  to  x.  The  two  derivatives  are 
dy  2fqx  dy  Iw^Ex 

dx  (lXga*2)2  dx  n  x^ 

Placing  equal  to  each  other  the  two  values  of  y  and  also  the  two 
dy 

values  of ,  and  solving  for  x  and  q,  there  is  found, 

dx 

nf 

Xi=  cc  and  q  = 

7r2E 
The  point  of  tangency,   therefore,   is  when  L  is  infinite  with 
respect  to  x,  and  for  this  point  the  ordinate  y^  =  0. 

The  value  of  q  being  now  determined,  its  insertion  in  Rankine's 
expression  gives  the  formula 

/ 
*u  = .......(3) 


nf 

U 

1+ 

— 

ir^E 

r2 

*Eq.  (3)  was  developed  by  Crehore  in  1879  but  unfortunately  he  adopted  Euler's  erroneous 
treatment  of  end  conditions  and  his  work  therefore  failed  of  fruition  in  the  field  of  practical 
design. 

Johnson's  modern  framed  structure  has  platted  a  curve  derived  from  Crehore's  formula 
by  dividing  the  yield  point  value  f  by  four  after  reducing  it  by  (3)  an  equally  useless  form. 
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Solving  for  / 


nu    1* 

formula  shows  that  the  length  can  be  several  times  larger 
than  r  before  the  greatest  compression  /  exceeds  fne  average  working 
stress  11  by  an  appreciable  amount.  For  example,  in  a  case  of  a  soft 
steel  column  with  round  ends  loaded  so  that  m  =  10,000  pounds  per 
square  inch  for  L/r=l  the  unit  stress/  equals  10,000.4  pounds. 
For  L/r  equals  7.  /=  10.020  pounds  or  for  L/r=  10,  /  eqiials  10.040 
pounds. 

In  other  words  where  the  length  is  but  four  to  ti\  i-  t  inics  the  thick- 
ness the  stress  is  substantially  pure  compression.  When  L/R  is  300, 
the  strength  computed  by  (3)  is  ten  percent  less  than  by  Euler's 
formula  and  for  /.//?  =  500  it  is  four  percent  less,  agreeing  with 
Kuler's  values  when  L  =  «  . 

9.  Diagrams  for  Solid  Columns:  The  practical  application  of 
the  rational  formula  may  be  simpiifiwl  by  diagrams  such  as  Fig. 
C4  for  s^jlid  prismatic  columns  having  fixed  ends.    Plot  the  values  of 
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/  as  ordinatcs  and  of  u  as  abscisas.  Compute  sufficient  values  to 
plot  the  different  curves  for  different  values  of  L/R.  Then  for  any 
given  value  of  L/R  the  value  of  u  for  a  fixed  fiber  stress  /  may  be 
read  at  once  from  the  diagram. 

Fig.  C5  is  a  similar  diagram  for  solid  prismatic  columns  having 
round  ends,  figured  for  E  =  30,000,000  suitable  for  medium  or  inter- 
mediate grade  of  steel. 

For  timber  the  mean  value  of  E  may  be  taken  at  1,500,000; 
cast  iron  15,000,000;  wrought  iron  25,000,000;  soft  steel  28,000,000; 
medium  or  intermediate  grade  30,000,000. 

Fig.  C6  is  a  similar  diagram  computed  for  n=  1/2,  a  close  approxi- 
mate to  the  strength  of  a  column  having  one  round  and  one  fixed  end 
or  one  having  pin  ends  in  which  the  diameter  of  the  pin  is  not  less 
than  one  third  the  width  of  the  member. 
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10.  Safe  Working  Stresses  in  any  framed  structure  should  be 
so  selected  that  the  compression  and  tension  members  possess  a 
like  capacity  to  withstand  over  load.  In  tension  the  maximum 
fiber  stress  increases  substantially  in  proportion  to  the  load  applied 
but  in  the  compression  member  as  appears  from  our  rational  formula 
the  maximum  fiber  stress  increases  in  more  rapid  ratio  than  the 
increase  of  the  mean  or  average  unit  stress. 
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If  (for  structural  grade  steel)  18.000  lbs.  per  square  inch  be 
selected  as  the  working  stress  in  tension  (when  the  static  stresses 
are  increased  by  an  impact  allowance)  then  the  working  stress  to 
match  for  compression  should  lie  half  the  mean  compression  "u" 
which  will  produce  according  to  the  formula  a  maximum  fiber  stress 
of  twice  18.000  pounds  per  square  inch,  thus  providing  for  the  same 
overload  capacity  for  the  compression  as  for  the  tension  memlier. 
For  different  grades  of  steel  similar  proceedure  should  l>e  followeti: 

tl.  Column  Deflections:  The  amount  which  a  column  under 
load  liends  or  deflects  has  no  direct  proportionality  to  the  amount 
of  the  load,  nor,  in  fact  is  it  propwrtional  to  the  apparent  eccentricity 
of  the  filler  stress  area  at  mid  length,  nor  to  the  ratio  of  the  mean 
compressive  stress  (m)  to  the  maximum  (/).  However,  when  /  u 
quals  unity  (e)  the  eccentricity  equals  zero  and  the  deflection  also 
•  s  zero. 

\Vhen//M  at  mid  length  equals  2.  the  fiber  stress  area  is  triangular 
and  entirely  compressive  (i.e.)  zero  on  the  convex  side  and  increasing 
according  to  the  linear  law  to  a  maximum  on  the  concave  side. 
Relative  deflections  for  a  given  ratio  of  L;  R  may  be  plotted  to 
illustrate  typical  column  deportment  treating  the  deflection  when 
f/u  =  2  as  unity  as  follows: 

•In  Fig.  CD.  as  absissas  plot  the  values  of  f/u  from  unity  at  the 
left  increasing  toward  the  right.  From  (1)  as  the  origin  plot  the 
ordinates  of  eccentricity  so  that  at  j  =  2,  2/=. 16%=  1/6  at  some 
convenient  scale.  Through  2  as  a  new  origin  draw  a  vertical  repre- 
senting the  scale  of  relative  deflections  such  that  at  a*«2  and  y- 
0.16%  the  deflection  equals  unity.  Then  as  the  deflections  for 
values  of  /  ii  =  2  are  of  a  much  smaller  order  than  the  eccentricity  of 
the  fiber  stress  area,  the  relative  deflections  within  this  limit  will 
var>'  sul>stantially  as  the  products  of  the  eccentricities  multiplied 
by  the  triangular  com|X)nent  of  the  fiber  stress  area  or  D  the  relative 

deflection  -eXu -f(; — u) 

u 

In  evaluating  it  is  to  lie  noted  that  for  each  different  value  of  e, 
u  differs  in  relative  magnitude  as  shown  by  our  rational  formula. 

The  curve  of  relative  deflections  shows  that  the  solid  column  of 
uniform  material  obeys  Hooke's  law  in  its  elastic  lateral  deflections 
since  these  deflections  are  proport!"ii  il  t,,  the  product  of  two  farifirs 
•FI1.  CD.  p. ». 
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(i.e.)  the  eccentricity  at  mid  length  of  the  total  fiber  stress  area  rep- 
resenting lever  arm  and  the  magnitude  of  the  triangular  component 
of  that  area  represents  the  force  giving  rise  to  the  bending  through 
its  lever  arm  e. 

For  the  same  section  and  given  ratio  of  //m  the  triangular  stress 
area  or  force  varies  with  the  ratio  of  X/iJ  according  to  our  rational 
theory.  This  reasonable  variation  has  heretofore  seemed  so  un- 
accountable that  theoretical  writers  have  erroneously  endeavored  to 
explain  it  on  the  ground  of  accidental  flaws  in  the  metal,  residual 
strain  from  manufacture,  or  wide  variation  of  initial  eccentricity 
instead  of  investigating  the  sink  holes  of  assumption  underlying 
the  extensive  muskeg  of  algebraic  equations  by  which  the  elastic 
action  of  the  column  has  been  obscured. 

The  lateral  deflection  of  the  column  is  a  continuous  function. 
The  fact  that  the  deflection  is  almost  negligible  at  the  critical^  load 
under  which  the  fiber  stress  area  changes  from  total  compression  to 
part  tension  and  reduces  to  but  a  minute  fraction  of  this  almost 
negligible  amount  under  working  loads  has  given  rise  to  the  erroneous 
supposition  that  the  deflection  was  a  discontinuous  function  abso- 
lutely instead  of  approximately  zero  under  ordinary  working  loads. 

In  test  specimens  except  those  in  which  the  slenderness  ratio 
LjR  is  large,  no  tension  parallel  to  the  axis  will  occur  in  any  of  the 
fibers  until  the  column  may  be  said  to  have  failed.  The  common 
idea  of  regarding  the  bending  of  a  column  is  erroneous,  founded 
on  the  impression  obtained  from  the  curve  of  flexure  used  in  derivation 
of  the  formula  indicating  a  considerably  bent  member,  with  a  tension 
and  compression  side  as  in  a  beam.  This  idea  is  strengthened  by  the 
appearance  of  photographs  of  specimens  which  have  failed  under 
compression  representing  the  conditions  long  after  the  maximum 
load  has  passed  and  the  specimen  has  greatly  deflected  under  reduced 
load  thus  giving  a  false  impression  of  the  true  column  action. 

Associated  in  the  formation  of  these  incorrect  impressions  is  the 
idea  that  the  equilibrium  of  the  fiber  stress  areas  taken  place  along 
the  axis  or  center  line  of  the  shaft  instead  of  along  a  curved  line  as 
indicated  in  our  Fig.  C2.  Examination  of  this  figure  and  the  curved 
gravity  axis  of  the  fiber  stress  areas  indicates  immediately  that  the 
lever  arm  of  the  load  producing  the  bending  may  be  far  greater  than 
the  deflection  or  bending  of  the  column. 

Remarks:  Theinadmissabilityofthe  assumtpion  that  the  states 
of  stress  in  the  initial  stages  of  flexure  of  a  column  are  comparable 
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to  beam  action  is  here  investigated  for  the  first  time  and  the  error 
of  Euler's  comparison  of  pin  and  fixed  ended  columns  disclosed. 
The  rational  formula  for  the  maximum  fiber  stress  under  given  work- 
ing loads  may  be  experimentally  verified  and  the  derivation  for 
solid  sections  of  safe  working  stresses  therefrom  substantiated. 

Safe  working  stresses  for  the  compression  memljers  in  the  balanced 
design  of  a  frame  should  possess  the  same  over  load  capacity  that 
the  tension  memliers  provide  for  as  treated  in  fne  last  article.  The 
modification  of  the  rational  formulas  for  application  to  built  up  and 
hollow  sections  will  be  dealt  with  in  the  following  chapter. 

In  developing  the  r.uinual  formula  for  fiber  stress  /  and  H  are 
the  minimum  for  the  cross  sectional  area,  so  fixe<l  by  the  predomi- 
nent  influence  of  bending  in  the  long  column. 

The  reader  will  find  a  complete  bibliography  of  column  investiga- 
tion and  prior  literature  in  Salmon's  work  on  Columns  published  by 
the  Oxford  Press. 
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CHAPTER  XVIII 
ECONOMIC  THEORY  OF  STEEL  COLUMN  DESIGN 

1 .  Introductory :  Because  the  safe  unit  stress  decreases  materi- 
ally as  the  slenderness  ratio  L/R  increases  various  unsymmetrical 
rolled  sections  such  as  rolled  angles  and  tees  or  double  angles  are  cus- 
tomarily used  in  roof  trusses  and  rolled  H-sections,  built  zee-bar 
columns,  plate  and  channel  sections,  Phoenix,  etc.,  as  illustrated  in 
Fig.  C6  are  employed  for  columns  in  building  work.  , 
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TYPICAL  COLUMN  SECTIONS  IN  BUILDING  CONSTRUCTION. 
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TYPICAL  BRIDGE  COMPRESSION  MEMBERS 
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Plate  C7  illustrates  typical  sections  used  in  Bridge  construction. 
If  an  attempt  be  made  to  analyze  these  sections  by  a  strip  theory 
their  general  divergence  from  the  solid  is  strikingly  app>art'nt. 

If  sections  (1)  to  (10)  of  Fig.  C6  be  divided  into  longitudinal 
strips  each  presents  a  slendemess  ratio  of  a  far  higher  order  than 
that  of  the  section  as  a  whole,  and  hence  the  total  resistance  becomes 
some  function  of  the  particular  combination  of  strips  presented  by 
the  configuration  of  the  section,  requiring  investigation  of  the 
various  typical  forms  to  determine  how  the  formulas  for  the  solid 
section  should  be  modified  for  application  to  their  design. 

A  strip  at  the  extremity  of  an  angle,  tee,  H  or  Zee-bar  section  is 
relatively  lacking  in  lateral  rigidity  and  would  tend  to  buckle  out  of 
line  normal  to  the  direction  which  the  strut  lends  to  bend  under 
axial  compression. 

Such  tendenc>'  toward  lateral  buckling  gives  rise  to  the  twisting 
action  presented  by  the  Zee-column  and  other  se*-''""-  ulun  tfsied 
to  destruction.    (See  Bureau  of  Standards  Test  - 

Accordingly,  the  extent  of  this  torsional  stress  in  tin-  imsymme- 
trical  section  is  to  l>e  investigated  in  addition  to  the  a>lumn  action 
typical  of  the  solid  symmetrical  section. 
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2.  Twist:  Twist  about  the  column  axis  under  axial  compression 
cannot  occur  in  a  symmetrical  solid  shaft  such  as  a  round  or  square 
because  such  deformation  would  increase  the  length  of  the  shaft 
(see  Section  III,  Chapter  XIII)  and  that  under  a  force  tending  to 
shorten  it  is  contrary  to  Newton's  third  law. 

Therefore,  the  solid  shaft  cannot  twist  out  from  under  its  load  and 
its  deformation  is  pure  crushing  and  bending  and  the  same  reasoning 
applies  to  the  hollow  cylinder  and  sections  5-6-7  of  Fig.  7. 

In  the  UNSYM METRICAL  section  the  phenomena  of  twist 
occurs  and  for  a  given  twisting  force  (in  this  case  the  lateral  buckling 
tendency  of  the  strips)  the  angular  distortion  increases  as  the  free 
length  of  the  shaft  twisted. 

For  round  ends  this  deformation  may  run  the  full  length  of  the 
shaft  but  if  the  ends  be  pin  connected  or  clamped  they  are  fixed 
against  torsional  rotation  at  the  ends  and  the  free  length  is  diminished 
to  i/4  and  the  torsional  component  in  like  ratio. 

In  tests  of  angle  and  T-struts  by  Mr.  Christie,  Mem.  Am.  Soc. 
C.  E.  round  ended  struts  (ball  and  socket  bearing)  developed  an 
ultimate  strength  per  square  inch  less  than  solid  struts  of  the  same 
slenderness  ratio  in  terms  of  L/R.  Moreover,  the  ultimate  strength 
of  the  round  end  was  considerably  less  than  the  same  strut  pin  ended 
with  greased  pins  and  for  the  very  long  strut  but  about  one  fourth 
(instead  of  one  third  that  of  fixed  ended  strutsof  solid  section.) 

These  tests  indicate  that  the  tendency  to  buckle  of  the  extremity 
of  a  strip  having  a  flange  projecting  about  six  times  its  thickness 
weakens  the  strut  at  the  extreme  fiber  an  amount  equal  to  that  of 
column  action  of  bending  for  a  round  ended  strut  under  axial  applica- 
tion of  the  load  and  for  the  pin  ended  strut  an  amount  one  fourth  as 
great  as  the  stress  reduction  for  column  bending.  Accordingly,  for 
the  solid  column  of  a  given  ratio  of  L/R  where  /  is  the  maximum 
fiber  stress  and  u  =  P/a  then  the  increased  difference  between  /  and 
u  for  the  built  section  should  be  2{f—u  )  for  round  ends  and  5/4 
(/  — u  )  for  pin  and  square  ends.  For  different  ratios  by  the  theory 
of  flexure  these  deductions  increase  inversely  as  the  square  of  the 
ratio  of  the  thickness  to  the  projecting  length. 

3.    The  Buckling  of  the  Web  Plates  in  Built  Channels  of  a 

laced  column  is  to  be  figured  in  a  similar  manner.  The  ratio  of  the 
stiffness  of  a  projecting  cantilever  to  that  of  the  plate  restrained  at 
its  edges  would  be  about  as  one  to  twenty  five.     The  ratio  of  the 
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thickness  to  Unsupported  length  being  six  for  the  projecting  flange, 
the  corresponding  thickness  of  the  web  between  points  of  restraint 
should  approximate  thirty  for  the  same  reduction  from  the  values 
permitted  for  column  bending  in  planes  normal  to  the  web.  For 
smaller  unsupported  thicknesses  the  rule  of  increased  deduction 
inversely  as  the  cube  of  the  thickness  divided  by  the  unsupported 
distance  applies. 

Because  the  stiffness  of  the  member  as  a  whoTc  when  we  consider 
the  buckling  of  the  web  and  the  crippling  of  the  flange  is  influenced 
by  the  bending  resistance  of  the  lacing  in  the  side  planes,  angle  iron 
lacing  is  to  be  preferred  to  bar  lacing  because  of  its  greater  rigidity 
under  both  twisting  and  l>ending  forces.  In  figuring  the  thirty  thick- 
nesses of  the  plate  this  should  be  taken  between  rivet  centers  where 
the  built  channel  is  made  up  of  two  angles  and  a  plate  and  from  the 
edge  of  the  angles  where  four  angles  and  a  web  instead  of  two  angles 
and  a  web  comprise  the  sections  laced  together. 

4.  Secondary  Column  Action  occurs  in  the  section  of  the 
built  or  rolled  channel  between  the  points  of  attachment  of  the 
lattice  bars.  As  these  points  of'  attachment  are  not  rigidly  fixed 
this  reduction  may  be  figured  with  practical  precision  by  applying 
the  general  formula  to  the  sub-section  between  lattice  points,  taking 
n»i^.  The  radius  of  g\-ration  should  be  enough  greater  in  the 
plane  of  the  lattice  to  compensate  for  this  secondar>'  effect. 

5.  The  Maximum  Intensity  of  Stress  in  Latticing  is  related 
to  the  make  up  and  proportions  of  the  sections  laced  together.  If 
the  slendemess  ratio  L  R  of  the  sections  laced  together  is  such  that 
without  lacing  the  separate  built  channels  could  carr>-  the  larger 
part  of  the  load  then  the  stress  upon  the  lattice  becomes  relatively 
small  and  its  section  should  be  proportioned  with  this  fact  in  view. 
On  the  other  hand,  if  the  slenderness  ratio  of  the  built  channel 
exceeds  250  then  the  cross  section  of  the  lacing  should  not  underrun 
the  proportionate  areas  found  satisfactory  in  practice  for  laced  rolled 
channels,  to  wit : 

For  15'  chanruls  2^  2'  Imrs  X  7  16'  min.* 
For  12'  channels  2>  /  I>ar9  X  7/16'  min.* 
For  lO*  channels  2)4'  bars  X  3/8"  min.* 
For  8'  channels  2"  bars  X  5/16*  min.» 
For    6'  channels  2'     bars  X  1/4*    min.* 

*ThicluMM  to  be  Mt  l«M  tluui  L/40  dMW  ftad  L/M  dottbl*  l»cia|.  t^diMsacv  bctwcM 
ftvct*. 
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The  proportionate  cross  section  of  lacing  may  logically  be 
figured  from  the  relative  minimum  area  required  for  the  heavy 
channel  reduced  in  keeping  with  the  smaller  slenderness  ratio  of  the 
built  sections  or  parts  laced  together.  If  the  net  section  of  the  lacing 
bar  for  a  15 — Z3>§^  channel  is  three  quarters  of  a  sq.  in.  then  the  net 
section  of  the  bar  is  7.5%  that  of  the  channel  section.  Now  if  we 
have  two  built  channels  or  I  sections  of  plates  and  four  angles  having 
each  a  cross  section  of  100  square  inches  the  angle  lacing  may  be  less 
than  seven  and  a  half  square  inches  in  section  inversely  as  the  value 
of  L/R  of  the  section  between  the  apices  of  the  angle  lacing  is  less 
than  that  of  the  channel  between  the  attachments  of  the  bar  lattice. 
Thus  for  a  40"  X  IM"  web  and  four  angles  6  X  6  X  1"  webs  40" 
centers,  4  X  3J^  X  7/16  angles  at  60°  to  the  axis  would  represent 
proportionate  strength  if  each  angle  be  connected  by  four  1"  round 
rivets.  Single  lacing  at  60  degrees  to  the  axis  weighs  less  than  double 
lattice  at  45  degrees  and  while  the  latter  gives  perhaps  an  appearance 
of  greater  strength  it  does  not  seem  substantiated  by  experiment. 

In  the  experiments  at  Watertown  Arsenal  1909-10,  8"  X  13.75# 
channels  5^-^"  back  to  back  with  2  X  3/8"  bars  6"  alternate  spacing 
developed  the  same  strength  as  double  lattice  of  2  X  5/16"  bars 
8J^"  centers.  With  single  lacing  there  is  less  pantograph  action 
tending  to  bend  the  channel  at  rigid  batten  ties  or  stays,  hence  the 
better  showing  of  single  lacing  in  proportion  to  the  weight  of  metal. 
The  pantograph  action  accompanying  the  distortion  of  lacing  indi- 
cates that  for  sections  such  as  (8)  and  (9)  of  Fig.  C7  batten  plates  or 
fiat  channel  stays  are  preferable  to  lacing  for  staying  and  stififening 
the  outer  flanges  in  the  plane  shown  dotted  in  section.  Whereas, 
lacing  or  lattice  is  suitable  for  types  1-2 — 3-4  and  10  of  Fig.  C7. 
Double  lattice,  supplemented  by  transverse  ties  is  objectionable 
since  the  spreading  or  pantograph  action  just  discussed  is  restrained 
by  the  tie  and  the  diagonal  lattice  is  thereby  subjected  to  half  the 
unit  compression  of  the  shaft  reducing  its  capacity  as  bracing  in 
like  measure. 

Stress  analysis  shows  the  greatest  shear  strain  in  the  solid  section 
at  the  point  of  inflection  of  the  solid  shaft  with  fixed  ends  and  close 
to  the  end  of  the  column  with  pin  ends  and  by  analogy  the  maximum 
lattice  strain  should  occur  toward  the  end  of  the  column  with  pin 
ends  and  in  the  vicinity  of  the  fifth  point  of  the  length  with  restrained 
ends. 

6.  The  Relative  Area  of  Flange  and  Web  in  built  channel 
sections  from  the  standpoint  of  efficiency  is  indicated  by  general 


MULTirtB  WBBS  23 

experience  with  solid  rolled  sections.  With  the  rolled  structural 
channel  the  web  area  of  standard  minimum  sections  is  sul>stantially 
half  the  total  area  or  less  and  the  hrt-adth  of  flange  is  one  fourth  to 
one  third  the  depth. 

Because  in  theory  we  treat  the  laminated  built  channel  as  though 
solid,  accrediting  to  it  a  degree  of  rigidity  more  or  less  imperfectly 
developed  by  the  riveting  it  is  l)ad  practice  to  add  materially  to  this 
imperfection  b>  iiu nase  of  the  web  at  the  exffense  of  flange  width 
and  area  which  determines  the  rigidity  of  the  section  without  proper 
reduction  of  the  working  stress,  a  percentage  equivalent  to  half  the 
percent  of  the  unfavorable  change  in  proportion. 

7.  Multiple  Web  Sections  such  as  (4)  of  PL  C7  are  sometimes 
used  to  maintain  the  above  favorable  ratios  of  web  to  flange.  With 
the  three  webs  the  unsupported  length  of  the  lattice  is  reduced  but 
the  VKO  outside  webs  are  called  upon  by  virtue  of  their  position  with 
but  two  thirds  the  metal  to  resist  the  buckling  tendency  of  the 
member  about  an  axis  parallel  to  the  web.  Hence  the  radius  of 
g>'ration  should  be  fifty  percent  greater  about  this  axis  than  about 
the  normal  axis  due  allowance  being  made  for  end  conditions. 

8.  Deficient  Riveting  of  Thick  Laminated  Webs  may  in 

general  be  disclosed  by  stress  analysis  following  the  methcxl  of  Fig. 
C2,  wherever  the  efficient  ratios  of  web  and  flange  areas  have  been 
disregarded.  This  deficiency  under  secondar>'  column  action  between 
lacing  frequently  reduces  the  strength  half  or  third  thereby  account- 
ing for  the  low  effective  elastic  limit  of  many  tests  of  scale  mcxiels  of 
large  bridge  members  and  their  low  ultimate  strength  compared  to 
that  of  solid  laced  channel  sections  of  the  simie  material  and  like 
slendemess  ratios. 

9.  Computation.  To  illustrate  the  application  of  the  foregoing 
principles  compute  sections  (a)  and  (b) 
for  ultimate  resistance   the  ends  being 
fixed. 


i 


Yield  point  -  35,000  (soft  steel)  ^       '^ 

For  (a)  L  R  =  44.2;    u  =  31.000,    dia-     piKy,d(f'^^. 

gram  (4.  <?JL5'* '*^''' 

tracing  18'  centers  of  connection        r^sjs' 
/'-ii'-4000.  _Z-/V^'— 

Deduct  for  buckling  stress  1000,  ,^.  n^\ 

Deduct  for  secondary  lacing  1000. 
Elastic  strength  29,000  X  23.5  -  685.000#. 
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For  (6)  L/R  =  127    /'  =  21,000.     t/y  =  9  for  projecting  pi. 

(f'.u')  =  14,000.  t/y  =  6  for  thickness  of  U  &  pi. 

^  14,000  X  .25  X  (3/2)2  =  7^200  lbs. 

21,000  —  7,200  =  13,800. 

Elastic  strength  =  24.65  X  13,800  =  342, 000 .# 
Or  the  elastic  strength  for  (b)  is  three-eighths  that  of  (a). 

Were  the  steel  of  intermediate  grade  instead  of  soft,  i.e.,  75,OOOjf 
ultimate  with  a  yield  point  of  43,000  in  place  of  soft  steel  52,000  to 
58,000#  per  square  inch  ultimate  strength  with  a  yield  point  of 
35,00{^  per  square  inch,  the  resistance  of  each  section  would  be 
increased  one  sixth  approximately. 

The  computation  indicates  the  economic  advantage  of  favorable 
arrangement  of  the  material.  In  (b)  the  thin  projecting  plates  add 
but  little  to  the  strength  of  the  section  beyond  the  angle  flanges 
and  the  efficiency  of  a  quarter  of  the  section  is  reduced  to  an  incon- 
siderable amount. 

Again,  comparing  the  elastic  strength  thus  figured  with   that 

45,000 

given  by  the  old  formula  for  the  ultimate  strength 

1+36,000  L'^/R 
we  note  that  the  computed  ultimate  strength  of  b  is  approximately 
32,500  pounds  per  square  inch  against  15,750/  above  figured.  It 
appears  from  this  that  the  dependable  strength  of  the  column  of 
built  channels  is  but  ninety  percent  of  that  resistance  credited  to  it 
by  old  formulas  whereas  the  badly  proportioned  star  and  tee  sections 
may  be  no  more  than  fifty  percent  as  strong. 

As  the  strength  of  a  triangular  beam  simply  supported  with  an 
apex  downward  may  be  increased  in  strength  by  planing  off  the 
apex  so  may  such  a  column  section  as  (b)  be  increased  in  elastic 
strength  nearly  20%  by  cutting  down  the  unsupported  projecting 
plates  which  weaken  it  by  the  twist  of  their  buckling  tendency. 

10.  Column  Weakness  vs.  Secondary  Stress :  In  the  pre- 
ceding discussion  it  has  been  shown  that  the  strength  of  a  non-solid 
section  may  be  far  less  than  that  of  a  solid  or  symmetrical  hollow 
section.  The  relative  weakness  of  a  star  section  of  two  plates  and 
four  angles  appears  from  the  computation  in  the  last  section  and 
for  like  reason  the  ultimate  strength  of  a  tee  section  having  a  deep 
web  and  two  angle  flange  such  as  a  thirty  by  a  half  web  and  two 
angles  5X  33^  X  3^  for  a  relative  slenderness  ratio  of  120,  compared 
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to  a  section  of  two  channels  laced  is  low  because  of  the  tendency  of 
the  web  or  flanges  to  twist  out  of  line.  Twisting  weakness  of  such 
star  and  tee  shaped  compression  members  readily  accounts  for  the 
failure  of  certain  German  bridges  without  resort  to  the  complex 
theory  of  secondary  stress  evolved  by  Manderla.  Breslau-Muller. 
Ritter  to  explain  their  collapse.  As  two  unrelated  causes  cannot 
account  in  toto  for  a  given  phenomena  a  consideration  of  the  assump- 
tions on  which  the  common  theory  of  secondary  i tresses  is  founded 
may  be  in  order. 

(a)  That  the  secondar>'  effects  are  am  fined  to  bending  of  the 
member  in  the  plane  of  tlu   tin-- 

(b)  That  the  gusset  connections  at  the  joints  may  be  assumed 
rigid,  while  the  meml)ers  connected  by  the  joint  plates  are  treated 
as  elastic. 

(c)  That  the  moment  of  inertia  controlling  the  flexure  of  the 
strut  under  a  given  displacement  of  the  center  of  pressure  is  no 
greater  than  in  a  case  of  simple  flexure. 

Assumption  (a)  is  inadmissable  for  torsion  is  by  far  the  greatest 
and  most  dangerous  of  indirect  stresses:  (b)  is  inconsistent  with 
elastic  theory  and  (c)  is  four  fold  in  error. 

The  tedious  compulation  by  the  theories  mentioned  under 
these  unwarranted  as.sumptions  give  computed  secondar>'  fiber 
stresses  so  many  times  greater  than  actually  occur  under  pressure 
from  the  pure  l>ending  in  the  plane  of  the  truss  that  such  compulation 
may  in  general  lie  dismissed  as  valueless.  Proper  attention  should 
l)e  given  to  the  make  up  of  the  section  in  the  design  of  compression 
meml)ers  and  the  torsion  resulting  from  the  primary  compression 
stress  whenever  the  section  is  unsymmetrical  about  the  center  of 
section. 

11.  The  Bendinji  Moment  the  Column  is  Subjected  to  by 
Its  Load  cannot  Ix.*  figured  as  the  pnxluct  of  the  api)lie(l  force  times 
an  ordinate  represented  by  the  sum  of  eccentricity  of  ihr  .ipplied 
force  with  respect  to  tin  .i\;~  ot  the  resisting  material  plus  the 
deflection  of  the  column  axis  tor  the  reason  that  the  flexure  of  the 
column  at  its  critical  state  of  stress  is  small,  almost  negligible.  But 
we  know  that  the  column  has  lieen  approaching  the  critical  point 
of  failure  without  material  deflection.  Hence  we  must  infer  that 
the  moment  has  l)een  increasing  largely  without  corresjxjnding 
{lending,  notwithstanding  that  the  load  may  have  l)een  applied  on 
knife  edge  liearings  to  avoid  eccentric  application. 


26  EXPERIMENTAL  VERIFICATION 

The  resistance  of  the  column  along  its  length  is  centered  on  the 
locus  of  consecutive  gravity  centers  of  transverse  fiber  stress  areas 
normal  to  the  plane  of  bending  or  weakest  direction.  The  locus  of 
these  centers  of  gravity  of  the  fiber  stress  areas  has  been  determined 
for  a  load  producing  a  critical  stress  in  the  stress  line  analysis  of  the 
column  with  fixed  ends,  Fig.  C2.  This  curve  is  of  the  same  species 
regardless  of  the  end  conditions  just  the  same  as  the  curve  of  moments 
is  determined  by  the  loads  and  their  point  of  application  on  the  beam 
regardless  of  whether  the  beam  be  fixed  at  its  ends  or  simply  sup- 
ported. No  reversal  in  curvature  of  the  locus  of  gravity  centers  of 
the  fiber  stress  areas  is  occasioned  by  clamping  or  fixing  the  column 
ends. 

The  curve  of  consecutive  centers  of  gravity  of  the  compressive 
fiber  stress  areas  may  be  otherwise  regarded  as  the  LOCUS  OF 
COMPRESSIVE  REACTION  to  the  load  the  column  or  strut  is 
called  upon  to  carry.  The  product  of  the  load  times  the  ordinate 
of  the  curve  from  a  line  joining  its  extremities  measures  the  moment 
of  the  external  forces  in  a  manner  comparable  to  both  simply  sup- 
ported and  restrained  beams  and  as  in  the  case  of  these  different 
beams  the  end  conditions  determine  or  regulate  the  distribution  of 
the  internal  resisting  moments.  But  this  locus  of  compression  diflfers 
from  the  moment  diagram  of  the  beam  in  that  the  ratio  of  its  ordinates 
to  the  intensity  of  the  external  forces  is  not  a  fixed  ratio  as  in  beam 
action.  For  example,  with  hinged  ends  and  L/R=  100  under  half 
the  ultimate  load  the  middle  ordinate  is  approximately  d/60  ap- 
proaching d/6  as  the  ultimate  strength  of  the  strut  is  approached 
when  measured  from  the  axis  of  the  strut  as  a  base. 

12.  Experimental  Verification  of  the  Theory  of  Twisting 
and  Bending  is  to  be  found  by  comparing  the  tests  of  symmetrical 
sections  with  those  of  unsymmetrical  sections  with  round,  hinged 
and  fixed  or  clamped  ends. 

Experiments  at  the  Watertown  Arsenal  in  1909-10  on  welded 
tubes  with  spherical  ends  and  welded  tubes  with  hinged  or  pin  ends, 
show  no  difiference  in  average  strength  between  the  spherical  ended 
and  pin  ended  specimens.  This  series  has  been  plotted  by  Salmon 
in  his  work  on  columns,  page  219  in  a  manner  disclosing  this  relation 
at  a  glance. 

For  unsymmetrical  sections  we  may  refer  to  the  elaborate  series 
of  experiments  of  Mr.  Christie  in  1883  described  in  the  Transactions, 
Am.  Soc.  C.  E.,  April  1884.    The  ends  of  the  struts  were  arranged, 


IP 


CRRISTIB  S  TBST9 


27 


first  with  the  ends  fitted  to  hemispherical  balls  and  sockets,  second 
with  the  ends 'hinged  on  c>'lindrical  pins,  and  third  with  the  ends 
rigidly  clamped.  The  load  was  weighed  with  a  Fairbanks  testing 
machine  and  increased  until  failure  occurred. 

The  measured  deflection  <jf  the  struts  in  Mr.  Christie's  experiments 
substantiate  the  curve  of  lateral  deflections  of  Fig.  C.  D.  of  the 
previous  chapter  when  consideration  is  given  to  J*ie  fact  that  some 
of  the  Ts  and  angles  were  cold  straightened  and  the  deportment 
of  the  specimen  is  occasionally  erratic  for  that  reason.  Mr.  Christie's 
experiments  on  wrought  iron  welded  tubes  show  that  for  the  ball 
and  socket  end  connections  the  ultimate  strength  developed  for 
large  ratios  of  L/R  are  nearly  twice  that  for  T»  and  angles  with 
similar  bearings,  notwithstanding  that  the  materials  of  the  Tx  was 
somewhat  harder  than  the  wrought  iron  in  the  tulx.'s. 


Ratio  1  It  of 

Ultimate  Load  P/, 

a,  in  Pounds  Per  Square  Inch 

Length  of 

Least  Radius 

Fixed  Ends 

When  L/R 

HineedEnds 

Round  Ends 

bX4/7-c 

of  Gyration 

a 

>'200: 
bXl.72-a 

b 

c 

When  L/R 
>140 

20 

46,000 

46,000 

44,000 

40 

40.000 

40,000 

36,500 

60 

36,000 

36,000 

30,500 

80 

32.000 

31,500 

25,000 

100 

30.000 

28,000 

20,500 

120 

28.000 

24,300 

16,500 

140 

25.500 

21.000 

12.800 

12.000 

160 

23.000 

16.500 

9.500 

9,430 

180 

20.000 

12.800 

7.500 

7,310 

200 

17.500 

18.600 

10.800 

6,000 

6,170 

220 

15.000 

15.200 

8.800 

5.000 

5.030 

240 

13.000 

13.(K)0 

7.500 

4.300 

4.300 

260 

11.000 

11,200 

6,500 

3.800 

3.720 

280 

10.000 

9,900 

5,700 

3.200 

3.260 

300 

9,000 

8,600 

5,000 

2.800 

2.860 

320 

8.000 

7,800 

4,500 

2.500 

2.560 

340 

7,000 

6,900 

4.000 

2,100 

2.280 

360 

6.500 

6,100 

3.500 

1,900 

2.000 

380 

5.800 

5.250 

3.000 

1,700 

1.715 

400 

5.200 

4.500 

2.500 

1.500 

1.430 

420 

4.800 

4.000 

2.300 

1..100 

1.320 

If  the  basis  of  the  reasoning  by  which  the  proposed  formulas 
are  derived  is  correct,  then  the  tested  strength  of  the  angle  and  tee 
struts  with  round,  hinged  and  clamjied  ends  are  inter-related  thru 
a  simple  constant  for  values  whirl)  (le()end  upon  the  developmont  of 
the  critical  stress  area  at  the  point  of  initial  tension  on  the  convex 
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side.  This  state  of  stress  will  occur  approximately  at  a  slenderness 
ratio  of  L/R^  140  for  hinged  ends  and  L/K^  220  for  clamped  ends. 
For  lower  values  the  material  will  likely  be  strained  beyond  its  yield 
point  value  before  developing  this  critical  state  of  stress.  Now  it 
was  assumed  that  for  round  ends  the  twisting  and  bending  strains 
were  equal  and  on  this  basis  the  ultimate  unit  stresses  in  c  should 
equal  4/7  those  of  column  h  because  the  twisting  strain  in  case  h 
specimens  is  but  one  fourth  that  of  case  c  specimens.  Substantial 
agreement  is  disclosed  by  the  table. 

Comparing  a  and  h  specimens  by  virtue  of  the  end  restraint 
the  twist  is  the  same  percent  of  the  total  in  each  but  the  capacity  to 
resist  bending  is  three  times  as  great  for  cases  (a)  as  case  (b)  hence 
if  our  reasoning  be  correct  (a)  values  should  equal  substantially 
1.72  times  h  for  values  of  L/K^  220,  as  shown  by  the  tabulation. 

13.  Pin  and  Square  Ended  Struts  Compared  from ,  the 
Standpoint  of  Detail  Connections :  The  influence  of  details  of 
the  connections  of  pin  and  square  ended  struts  on  their  ultimate 
strength  and  elastic  behavior  is  a  matter  of  practical  importance. 
Whether  the  detail  of  the  riveting  to  the  connection  renders  the 
column  rigidly  fixed  or  restrained  at  the  ends  is  a  matter  to  be  given 
consideration  in  the  determination  of  the  working  stresses.  Again, 
the  diameter  of  the  pin  has  a  decided  influence  on  the  strength  of  the 
hinged  strut.  If  this  be  investigated  by  approximate  methods  of 
stress  analysis  it  will  appear  at  once  that  the  fiber  stress  area  about  the 
pin  is  crescent  shaped  which  may  rotate  about  the  center  of  the  pin 
with  respect  to  the  axis  of  the  column,  thereby  reducing  the  middle 
ordinate  of  the  locus  of  resisting  compression  and  hence  increase  the 
relative  strength  of  the  strut. 

If  the  diameter  of  the  pin  be  not  less  than  one  third  the  breadth 
of  the  column,  this  increase  may  be  treated  for  practical  purposes 
as  sufificient  to  warrant  the  value  of  w  =  3^  in  determining  the  reduc- 
tion for  column  bending  where  the  slenderness  ratio  is  less  than 
L/R=  120.  In  other  words,  with  this  size  of  pin  the  spread  of  the 
bearing  combined  with  the  friction  at  the  joint  is  sufficient  to  permit 
the  consideration  of  the  connection  as  mid  way  between  that  of  the 
knife  edge  and  fully  restrained  conditions. 

14.  Short  Columns :  As  the  length  of  the  column  in  terms 
of  its  lateral  dimension  becomes  small  the  tendency  toward  flexure 
by  the  application  of  the  load  rapidly  decreases  until  for  a  slenderness 
ratio  of  less  than  30  L/R  the  yielding  of  the  material  determines  its 
ultimate  compressive  strength,  and  moreover  when  L/R  becomes 


SHORT  COLUMNS 


29 


less  than  20  the  yielding  causes  buldging  rather  than  buckling  of 
the  material  and  then  with  considerable  set  the  resistance  rises  far 
above  the  yield  point  value  of  the  material  itself.  This  is  well 
illustrated  by  the  table  given  by  Christie,  Transact Idii-.  Am.  See. 
C.  E.  1884.  page  265,  for  short  ended  struts  of  angle  section  of  iron 
mild  and  hard  steel.    (See  following  table). 

In  bridge  and  building  construction  as  well  main  compression 
members  are  relatively  short,  for  the  most  part  4«tween  the  ratios 
of  50  to  70  L/R  and  limited  by  specifications  to  a  slenderness  ratio 
within  120  L/R.  Accf)rdingly  with  such  high  yield  points  as  silicon, 
nickel  or  other  alloy  steel  develops  an  increase  of  thirty  to  forty 
per  cent  in  the  working  stresses  over  those  permissil>le  f«>r  structural 
grade  steel  may  be  adopted. 


FLAT-ENDED  .STRUTS 
OF  ANGLE  SECTION 
ULTIMATE  RESISTANCE  IN  POUNDS  PER  SQUARE 
INCH  OF  SECTION 


Length  Divided  by 

Least  Radius  of 

Gyration 

Iron 

.Mild  .Steel 

Hard  Steel 

20 

49,000 

72.<M)0 

1(N),(M)0 

30 

51. (MM) 

7  J, (KM) 

40 

40,000 

4r).(M)0 

()5.(MM) 

50 

43.000 

61.000 

60 

35.000 

41.000 

58,000 

70 

V)  IKH) 

56.000 

80 

32.000 

>-     1(H) 

54. (XK) 

90 

S().5U() 

51.(KX) 

100 

29.000 

.<5.(KM) 

47.000 

110 

i<  =;iMi 

43.500 

120 

26.000 

'    M) 

40.000 

130 

;■;  m;K) 

36.5(X) 

140 

23.500 

2  7. (MX) 

.<  V^IIO 

150 

25.(HK) 

3(1.M1(I 

160 

21.000 

i3.(X)0 

28,300 

170 

21.000 

26.000 

180 

19.(MN) 

19.500 

23.800 

190 

18.000 

21.800 

200 

16.500 

!'»  MH> 

20.000 

210 

1=       \Ml 

18.4(X) 

220 

14,000 

Mm,..! 

16.9(X) 

230 

l.).(HM) 

15,400 

240 

12.(J00 

12.(HK) 

14.(MK) 

250 

11.  UN) 

I2.H(K) 

260 

10,500 

U».3(M) 

Il.K(N) 

270 

y.WM) 

11. (MM) 

280 

9,000 

9.(KM) 

ill.2(M) 

290 

8.400 

9,500 

3(K) 

7.5(X) 

7.900 

9,000 

30  ELASTIC  AND  ULTIMATE  STRENGTHS 

15.  The  Elastic  Strength  and  Ultimate  Strength  of  a 
Short  Column  are  not  propotional  to  each  other.  The  series  of 
tests  on  wrought  iron  Phoenix  columns  presented  to  the  American 
Society  Civil  Engineers  in  1882  by  Clark  Reeves  &  Company, 
illustrates  this  fact  clearly.  For  value  of  L/R=  17  to  116,  the  ulti- 
mate strength  decreases  from  over  50,000  to  35,000  pounds  per 
square  inch,  while  the  elastic  strength  between  these  limits  presents 
a  range  of  hardly  three  percent,  i.e.,  from  28,000  to  29,000  pounds 
per  square  inch.  In  other  words,  the  elastic  strength  of  the  Phoenix 
column  is  shown  to  remain  nearly  constant  while  the  ultimate  strength 
increases  40  per  cent  between  120  L/R  and  20  L/R. 

The  column  ends  were  flat  and  may  be  compared  to  the  tests  of 
tees  and  angles  with  fiat  ends  to  investigate  the  relation  of  the 
symmetrical  to  the  unsymmetrical  section.  The  test  results  of  Chris- 
tie are  tabulated  at  the  right  of  the  accompanying  table.  From  it, 
it  will  be  noted  that  the  average  ultimate  strength  of  the  tee  and 
angle  was  27,000  pounds  per  square  inch  against  35,000  pounds 
when  L/R  was  116.  On  the  other  hand,  the  strength  of  the  tee 
and  angle  relative  to  the  Phoenix  section  increases  toward  equality 
as  the  ratio  of  L/R  decreases  toward  20. 

The  permanent  set  or  compression  of  the  twenty  five  foot  speci- 
mens under  the  ultimate  load  was  accumulated  during  the  applica- 
tion of  the  last  quarter  of  the  load.  Resistance  beyond  the  limit  of 
elastic  strength  can  be  given  but  scant  consideration  in  the  design 
of  a  structure  intended  to  furnish  elastic  resistance  without  set 
which  by  accumulation  may  end  in  failure  under  repeated  loading. 

Theoretical  endeavor  has  been  mistakenly  directed  toward  the 
derivation  of  a  formula  which  would  indicate  the  ultimate  strength 
under  a  single  application  of  load,  rather  than  the  elastic  strength 
which  limits  utility. 

The  ultimate  strength  of  the  Phoenix  specimens  has  been  figured 
by  Gordon's  formula  in  the  column  next  to  the  right  and  it  may  be 
noted  that  Gordon's  formula*  fits  closely  neither  the  ultimate  nor 
the  elastic  limits  of  strength  of  the  material  with  constants  derived 
for  solid  sections  of  like  material. 

*  By  adoption  of  a  special  value  of  a,  Mr.  Buscaren  fitted  this  formula  to  the  test  values 
closely  for  values  of  L/R  above  30  but  not  below.  Trans.  Am.  Soc.  C.E.  1882.  In  the  same 
paper  Mr.  C.  L.  Strobel  presents  a  tabulation  of  Hodgkinson's  tests  from  which  Gordon 
calculated  the  constants  of  his  formula. 
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TESTS  OF  SQUARE  ENDED  WROUGHT  IRON   PHOENIX 
COLUMNS  1881  WATERTOWN  ARSENAL 


Total 

Ultimate 

Ratio 

Sec- 

Elastic 

Ultimate 

Ultimate 

Strength 
Tees&Ls 

No.  of 

Lensth 

L/R 

tional 

Limit 

Strength 

Strength 
lbs.  by- 

Experi- 

Flat 

Area 

Lbs.  per 

Lbs.  per 

Christie 

ment 

Column 

Ends 

sq.  in. 

sq.  in. 

sq.  m. 

Gordon's 
formula 

Experi- 
ments 

1 

28'0' 

112 

12.062 

35,150 

330.146 

27.000 

2 

28'0' 

112 

12.181 

34.150 

333.459 

-? 

25'0' 

10() 

12.233 

27.960 

35.270 

352.013 

28.000 

4 

25'0' 

100 

12.100 

35.040 

348.119 

5 

22'0' 

88 

12.371 

35.570 

372.837 

31.000 

6 

22'0' 

88 

12.311 

34.360 

371.043 

7 

IQ'O' 

78 

12.023 

35.365 

377.955 

32.000 

8 

19'0' 

78 

12.087 

29,290 

36,900 

380.197 

9 

16'0' 

64 

12.000 

36,580 

391.701 

33,000 

10 

16'0' 

64 

12  000 

36.580 

391.701 

11 

13'0' 

52 

12   185 

28.890 

36.857 

410.660 

38.000 

12 

13'0' 

52 

12.009 

37.200 

406.866 

13 

lO'O' 

40 

12.248 

26.490 

36.480 

423.886 

40.000 

14 

lO'O' 

40 

12  339 

28.360 

36.397 

427.(H7 

15 

TO' 

28 

12.265 

29.350 

38.157 

433.021 

43,000 

16 

TO' 

29 

11.962 

29.590 

43.300 

469.324 

17 

4'or 

16 

12.081 

49.500 

432.132 

47.000 

18 

i'O" 

16 

12  119 

28,050 

51.240 

433.507 

Note: — That  Phoenix  column  tests  1,  2,  3.  4  develope  5/4  the 
ultimate  strength  of  tees  and  angles  of  the  same  slenderness  ratios. 
See  An.  2  dealing  with  twist  and  following  chapter  discussing  hard- 
ness of  metal. 
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TABLE  II— COMPARISON  OF  RESULTS  OF  TESTS  OF  FULL 

SIZE  COLUMNS  WITH  FORMULAS  OF  T.  H.  JOHNSON 
*  AND  J.  B.  JOHNSON 

Formula  No.  2  (J.  B.  Johnson) 


Formula  No.  1  (T.  H.  Johnson) 

1 
For  Iron:  p  =  37,000— 128  —  For  Iron:  p  =  30, 700- 

r 


For  steel  p  =  47,000—178 


1 


For  steel:  p  =  39,900- 


-0.5,  (^y 

-0  «a  (i) 


CRIPPLIiNG  LOAD 

Elastic 

Yield 

Material 

Area  of 

1 

Limit 

point 

Test 

I  =  Iron 

Section 

— 

By  Test 

By  Formula 

Lbs.  per 

Lbs.  per 

S  =  Steel 

Sq.  In. 

r 

Sq.  In. 

Sq. In. 

Lbs.  Sq. 

No.  1 

No.  2 

1 

I 

17.78 

98 

24,800 

24,500 

25,800 

18,000 

2 

I 

17.56 

120 

26,350 

21,600 

23,400 

20,500 

3 

S 

15.25 

83 

34,270 

32,200 

34,300 

23,600 

4 

S 

14.15 

83 

32,900 

32,200 

34,200 

24,700 

5 

I 

25.4 

43 

23,290 

31,500 

29,800 

13,800 

14,750 

6 

I 

22.8 

36 

28,220 

32,400 

30,000 

13,200 

15,300 

7 

I 

27.95 

39 

29,210 

32,000 

29,900 

15,200 

19,700 

8 

I 

27.95 

39 

29,900 

32,000 

29,900 

15,200 

17,900 

9 

s 

14.22 

97 

27,790 

29,700 

32,200 

12,600 

17,550 

10 

I 

28.38 

46 

26,200 

31,100 

29,600 

16,700 

18,500 

11 

I 

28.20 

46 

26,230 

31,100 

29,600 

15,950 

19,500 

12 

I 

27.46 

29 

30,770 

33,300 

30,300 

17,300 

20,000 

13 

I 

27.28 

42 

28,200 

31,600 

29,800 

20,150 

22,000 

14 

I 

21.78 

40 

26,260 

31,900 

29,900 

17,200 

20,650 

15 

I 

30.81 

37 

30,300 

32,300 

30,000 

17,000 

24,300 

16 

s 

29.36 

46 

30,640 

38,800 

38,200 

25,500 

28,900 

17 

s 

15.80 

45 

31,680 

39,000 

38,200 

19,000 

22,100 

18 

s 

32.11 

34 

31,980 

40,900 

38,900 

22,600 

26,500 

19 

s 

32.16 

35 

33,950 

40,800 

38,900 

18,700 

23,300 

C.  p.  Buchannan,  Engineer  of  Bridges,  Pennsylvania  Lines 
West  of  Pittsburgh,  contributed  to  the  Engineering  News,  December 
26,  1907,  a  comparison  of  the  ultimate  strength  by  test  of  a  number 
of  full  size  bridge  members  with  that  calculated  by  T.  H.  Johnson's 
formula  on  the  one  hand,  and  the  formula  of  J.  B.  Johnson  in  Modern 
Frame  Structures  on  the  other. 

Table  II  presents  a  condensed  tabulation  of  Mr.  Buchannan's 
tests.  The  sections  of  tests  1  to  4  were  four  Zee-bars  with  a  web  plate, 
tests  5  to  8  and  10  to  13  inclusive,  15,  16,  18  and  19,  two  webs  four 
angles  and  a  cover  plate,  test  17  two  webs  and  four  angles  laced, 
test  14  two  channels  and  a  cover  plate.  The  sections  of  the  cover 
plate  were  unbalanced  sections,  a  disadvantage  from  the  standpoint 
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of  the  development  of  the  maximum  elastic  strength  for  the  cross 
section. 

For  values  of  L'R  from  35  to  40  the  ultimate  strength  by  test 
varied  from  16  to  25  percent  less  than  computed  while  for  values 
of  L/R  from  80  to  100  there  was  closer  agreement.  Since  the  for- 
mulas in  question  are  based  on  the  premise  that  the  material  up  to 
its  ultimate  resistance  deports  itself  approximately  in  accordance 
with  Hooke's  law  rather  than  the  law  of  flow  afftr  elastic  resistance 
has  l)een  passed  this  is  not  to  be  wondered  at. 

This  wide  divergence  of  the  limits  of  elastic  resistance  and 
ultimate  strength  of  the  short  column  above  noted  is  to  be  attributed 
to  incipient  l<x:al  buckling  unrelated  to  or  independent  of  the  flexure 
of  the  shaft  as  a  whole.  A  less  rigid  portion  of  the  make  up  by  slight 
buckling  relieves  itself  of  a  portion  of  its  load  and  with  increased 
load  suffering  some  small  permanent  deformation  indicated  by  an 
Increased  compression  of  the  shaft  in  proportion  to  the  applied 
ioading  and  imperfect  recovery  on  removal  of  the  load. 

The  divergence  of  the  limit  of  elastic  resistance  and  the  ultimate 
strength  of  the  specimen  is  far  more  pronounced  in  the  unsymmetrical 
section  for  a  given  ratio  of  L/R  than  in  the  symmetnrnl  section. 

For  example  in  the  steel  angle  column  made  up  ot  four  0  X  3J/^ 
X  3/8  angles  2X3  8  lacing.  11  inch  back  to  back.  25  feet  centers  of 
pins  with  one  ^  ^  V<  pin  and  one  4-11  16  pin.  the  elastic  limit  in 
Mr.  Buchannan  V  lc^.l  was  found  at  approximately  12.600  pounds  per 
square  inch  with  the  development  of  an  ultimate  strength  of  27,790 
pounds.  The  ratio  of  L/R^91.  The  material  was  Bessemer  steel 
with  an  elastic  limit  approximately  39,000  and  ultimate  strength 
of  62,000  to  65,000  pounds  per  square  inch. 

Comparing  this  with  the  Phoenix  section  of  iron  we  find  an 
elastic  limit  of  28.000  pounds,  an  ultimate  of  35,000  pounds,  a  differ- 
ence too  great  to  be  accounted  for  by  the  difference  in  end  conditions 
to  say  nothing  of  the  fact  that  the  angle  section  was  steel  and  the 
Phoenix  section  wrought  iron. 

It  will  l)e  nott'd  thai  the  Zee-bar  column  tt  liavea 

ratio  of  L  H  comparable  to  that  of  test  9  of  the  h.ciiijii  ( iI  uuir  angles 
l.iced.  The  crippling  loiul  of  steel  specimens  3  and  4  was  32.<XK)  and 
34.270  comparetl  to  27,800  for  the  angles.  The  indications  of 
l>ermanent  set  are  given  in  the  article  as  23,600  pounds  per  square 
inch  and  24,700  against  17,500  for  the  angle  section  and  an  elastic 
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limit  undoubiedly  very  close  to  22,000  for  the  Zee  sections  against 
12,600  for  the  angle  section. 

Such  wide  difference  in  the  elastic  limit  of  strength  is  obviously 
not  a  direct  function  of  L/R  of  the  section  as  a  whole  but  rather  a 
function  of  its  make-up,  the  resistance  to  local  buckling  of  the 
outstanding  flange  of  the  angle  compared  with  the  outstanding 
flange  of  the  Zee  section. 

As  the  length  of  the  column  decreases  below  160  L/R  for  hinged 
ends,  the  ultimate  resistance  may  be  reached  before  the  critical  state 
of  stress  is  reached  represented  by  a  triangular  compression  stress 
area.  Accordingly,  the  rigidity  of  the  ciolumn  under  bending  for  a 
given  elastic  stress  rises  rapidly  within  this  limit.  The  twisting 
resistance  of  the  shaft  as  a  whole  increases  in  proportion  to  the 
decreased  length  but  on  the  other  hand,  because  the  maximum  stress 
is  always  less  than  twice  the  average  compression  the  ability  of  fhe 
outstanding  flange  to  relieve  itself  of  part  of  its  compression  by 
throwing  it  upon  the  balance  of  the  section  thru  twisting  of  the 
shaft  as  a  whole  decreases  in  the  case  of  a  laced  flange  and  again 
resort  to  strip  theory  of  analysis  appears  the  only  recourse. 

16.  The  Workmanship  in  Fabricating  the  Strut  made  up 
of  several  parts  affects  its  compressive  strength.  If  the  rivet  holes 
are  punched  instead  of  drilled  the  metal  is  distorted  and  a  state  of 
residual  strain  is  induced,  evidenced  by  the  curvature  the  section 
assumes  after  punching  where  the  line  of  holes  is  unsymmetrical. 
This  curvature  is  quite  marked  in  angle,  channel  and  Z  sections  and 
must  be  straightened  out  in  assembly. 

As  the  thickness  of  the  metal  approaches  or  exceeds  the  diameter 
of  the  punch  the  greatest  displacement  occurs  decreasing  rapidly 
as  the  thickness  of  the  metal  decreases  with  reference  to  the  diameter 
of  the  holes. 

Again,  the  thinner  the  shape  rolled  from  a  given  billet  the  harder 
it  is  because  the  surface  material  is  chilled  by  the  water  which  keeps 
the  rolls  cool,  thus  hardening  a  larger  percentage  of  the  cross  section 
the  smaller  the  thickness  and  the  greater  the  travel  under  the  rolls. 

Unequally  rapid  cooling  of  the  web  and  flange  of  an  I  or  H 
section  frequently  results  in  slight  buckling  of  the  web  and  internal 
compression  stress  of  considerable  intensity.  Evidence  of  this  state 
of  compression  from  shrinkage  strain  in  the  thin  web  of  /  sections 
is  frequently  noticeable  in  peeling  of  mill  scale  from  the  surface  of 
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the  web  on  intersecting  straight  lines  at  45  degrees  to  the  axis  of  the 
beam. 

Residual  strain  from  punching  the  thicker  metal  and  internal 
stresses  above  noted  reduce  both  the  elastic  and  ultimate  com- 
pressive strength  of  the  specimen  an  amount  which  is  independent 
of  the  relative  length  of  the  specimen  and  can  therefore  be  separated 
or  distinguished  from  the  elastic  phenomena  of  bending  or  twisting 
by  noting  the  divergence  of  the  cur\'es  of  strength  toward  the 
extremes  of  slendemess  ratios. 

In  large  cronx  sections  the  customar>'  laminations  (plates  riveted 
together  in  lieu  of  solid  material)  introduces  that  source  of  weakness 
discussed  in  Art.  C. 

Punching  stretches  the  material  along  the  lines  of  the  holes 
causing  an  uneven  distribution  of  longitudinal  stress  tending  to 
reduce  the  compressive  strength  and  tensile  strength  a  like  amount. 
Direct  experimental  evidence  is  meager  as  to  the  effect  of  punching 
on  the  compressibility  of  mild  steel  but*  test  results  upon  the  tensile 
resistance  of  the  cross  section  indicate  that  for  a  thickness  half  the 
diameter  of  the  punch  the  net  section  per  square  inch  is  weakened  but 
a  small  amount  but  where  the  material  approaches  the  diameter  of 
the  punch  in  thickness  there  is  a  loss  of  strength  of  about  ftwenty 
percent  for  steel  having  an  ultimate  of  58,000  to  62,000  pounds  per 
square  inch  and  a  loss  of  nearly  thirty  percent  for  steel  having  an 
ultimate  strength  of  80,000  pounds  per  square  inch.  These  values 
are  to  be  kept  in  mind  in  considering  the  strength  of  built  up  columns 
with  different  thicknesses  of  metal  punched  instead  of  drilled. 

17.    The  Determinants  of  Ultimate  and  Elastic  Strength 

may  be  classified  under  three  headings  in  the  order  of  their  imjx^rt- 
ance,  (1)  the  form  or  make  up  of  the  built  section,  (2)  the  quality  of 
the  material,  and  (3)  the  workmanship. 

(1)  The  question  f)f  f(»rm  involves  the  slenderness  ratio,  and 
whether  the  metal  is  distributed  symmetrically  alx)ut  a  point  or  an 
irregular  cross  section  giving  rise  to  twisting  or  buckling  if  the  relative 
thinness  of  the  projecting  portions  and  the  unsupported  webs  are  too 
great,  and  whether  portions  of  the  cross  section  are  made  up  of 
laminated  plates  riveted  together,  and  the  form  of  bearing,  whether 
hinged  or  fixed,  as  discussed  in  preceding  articles. 

(2)  The  quality  of  metal,  whether  wrought  iron,  mild  stt>fl, 

•KIrkaldy'*  rxpcrioMBt.    Lewto.  KndMer'*  Club  PbiUdrlphla.  Oct.  IS9I. 
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hard  steel  or  alloy  steel,  affects  the  ultimate  strength  differently 
dependent  on  the  slenderness  ratio.  In  the  long  column  the  strength 
ratio  is  determined  largely  by  the  modulus  of  elasticity  for  such 
lengths  as  develop  the  critical  stress  area  outlined  in  Fig.  C2.  For 
medium  lengths  over  50  L/R  the  yield  point  value  reduced  for  bend- 
ing, twisting  or  laminated  make  up,  determines  the  strength,  while 
for  slenderness  ratios  under  50  L/R  for  iron  and  under  20  L/R  for 
mild  steel  the  ultimate  strength  rises  above  the  yield  point  value  of 
the  material. 

Workmanship  as  it  affects  the  strength  is  outlined  in  a  general 
way  in  the  preceding  section  but  not  the  quantitative  effect. 
As  twisting  and  buckling  depends  on  the  relative  thinness  it  is 
obvious  that  the  ultimate  compressive  strength  of  the  very  short 
specimen  under  20  L/R  will  be  greater  per  square  inch  with  thicker 
metal  than  the  thinner  sections  which  are  harder  and  have  a  higher 
yield  point.  Again,  as  the  thicker  section  has  very  low  twistmg 
stresses  in  the  long  column  because  E  differs  little  with  hardness, 
the  heavier  section  would  be  stronger  per  square  inch  than  the 
lighter  section  in  which  the  twisting  stresses,  because  of  the  thinness 
of  the  material  are  high  compared  with  thicker  metal. 

Where  the  punching  is  symmetrical  about  a  center,  as  for  instance 
in  the  Phoenix  column  section,  its  effects  in  reducing  the  ultimate 
strength  of  the  fabricated  members  would  be  a  minimum.  Where 
it  is  unsymmetrical  with  respect  to  the  pieces  which  make  up  the 
section,  the  reduction  in  the  ultimate  strength  will  be  a  maximum. 

Internal  strain  from  punching  and  unequal  cooling  is  reduced 
materially  in  the  course  of  time  by  the  disturbance  of  the  equilibrium 
of  internal  stress  thru  temperature  change  and  range  of  working  load 
upon  the  member.    See  Art.  18  and  19,  Chapter  V,  Sec.  I. 

The  determinants  under  workmanship  undergo  a  favorable 
modification  in  course  of  time.  All  others  remain  constant  except 
for  the  effects  of  corrosion  in  reduction  of  section  and  the  effect  of 
repeated  overstrain  beyond  the  limits  of  elasticity  of  the  metal. 

18.    The  Replacement  of  Wrought  Iron  by  Steel  is  to  be 

studied  as  a  historical  background  from  which  divergent  ideas  and 
opinions  of  today  have  sprung.  In  riveted  bridge  construction  the 
use  of  steel  was  initiated  on  a  large  scale  in  constructing  the  Forth 
Bridge  begun  in  1882  and  finished  in  1890. 

For  tension  members  the  steel  was  to  have  an  ultimate  resistance 
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of  not  less  than  30  tons  (67,200  lbs.  per  square  inch)  nor  more  than 
3$  tons  (73.900  U>s.  per  square  inch)  with  not  less  than  lO^'l  elonga- 
tion in  eight  inches.  For  compression  member»i  »'>'  '••'is  than  34 
tcms  (76,160  lbs.  per  square  inch)  nor  more  than  ^  M2.880  lbs. 

per  square  inch)  with  not  less  than  seventeen  per  teni  elongation  in 
eight  IiK  hes.    Quoting  Mr.  \Vt'sth«>f«"n.  I  «iii(l<>ii  Kngjntt'ring  1890: 


"The  choice  of  material  for  construct iii^ 
desiffi)  and  extraordinar>'  magnitude  must  ha\ 
much  anxious  thought  and  reifection  to  th<  ' 
be  no  two  opinions  that  the  choice  was  a  I 
subjected  to  ever>-  conceivable  test  both 


h  novel 
ilfject  of 
there  can 
This  steel  was 
'.  .(.ntific  manner  for 


purposes  of  research  and  investigation  and  in  an  unscientific  manner 
by  workmen  whose  only  excuse  can  be  that  they  knew  no  better  .... 
A  more  uniform,  homogeneous,  and  satisfactor>'  material  could  not  be 
wished  for."  '*To  quote  one  instance,  pieces  of  scrap  picked  up  at 
random  drilled  ?<  inch  deep  when  the  machine  was  stopped  gave  a 
single  cork  screw  shaving  a  yard  in  length  starting  from  the  montent 
the  drill  touched  the  steel  and  attached  vet  by  the  end  to  the  piece  of 
scrap  out  of  which  it  was  bored."  ....  This  behavior  of  the  steel  had  a 
great  deal  to  do  with  the  confidence  the  workmen  regarde<l  every  portion 
of  the  structure  and  with  their  t)elief  that  no  possible  load  they  could 
pile  on  the  temporary  filatrorni  cfnild  bring  about  a  collapse.' 


The  (liameter'ot  the  main  vertical  posts  was  12' 0*  and  un- 
supported length  150  feet  or  a  ratio  of  L/R  of  38  roughly.  For  the 
eight  foot  diagonal  tubes  this  ratio  is  increased  to  60.  A  working 
stress  on  these  menil>ers  was  figured  at  l}/^  Knglish  tons  or  18.8(X) 
ll)s.  per  square  inch  with  no  reduction  for  column  l)endinn.  etc.  The 
ultimate  strength  was  estimated  at  22)^  tons  or  50,400  poinuls  per 
square  inch  which  apfxjars  ver\'  conser\ative  in  the  light  of  Dagrons 
tests  of  laced  steel  columns  of  like  hardness  to  lie  discussed  later. 
This  value  seems  on  a  par  with  the  strength  developed  in  nickel  steel 
columns  of  American  design  lacking  the  satisfactor>-  disposition 
of  metal  adopted  by  Messrs.  Fowler  and  Baker.  That  ;is  pioneers 
in  the  use  of  steel  in  lieu  of  wrought  iron  these  engineers  treated  the 
material  on  its  merit  unprejudiced  by  working  stresses  a)mmon 
for  iron  in  use  at  that  date  is  a.^^  surprising  as  the  general  failure  of 
the  engineering  profession  u>  \>i<>\\{  by  their  ex;imple. 

For  the  tension  memliers  they  selected  that  grade  of  carlxin  steel 
possessing  the  maximum  strength  consistent  with  toughness  while 
for  the  compression  memlier  they  recognizetl  that  to  develof)  cor- 
respondingly high  compressive  strength  without  yeilding  a  higher 
degree  of  rigidity  or  hardness  of  the  material  is  a  necessity. 

The  use  of  steel  in  1884  was  decided  upon  in  the  construction  of 
the  Susquehanna  River  Bridge  on  the  I*hiladel|)lii.i  Ih.iihIi  .t  the 
Baltimore  and  Ohio  Railroad  and  lack  of  data  led  to  the  ex{H.>riments 
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described  by  J.  G.  Dagron  in  Trans.  Am.  Soc.  C.  E.  Vol  XX,  June 
1889. 

The  specification  for  the  steel  required  an  ultimate  strength  of 
not  less  than  80,000  pounds  per  square  inch,  a  yield  point  value 
not  less  than  50,000  pounds,  an  elongation  not  less  than  15%  in 
eight  inches,  a  reduction  of  area  not  less  than  thirty  percent  at  point 
of  fracture  and  that  a  specimen  3/4"  round  should  bend  cold  180 
degrees  about  its  diameter  without  crack  or  flaw. 

There  were  eight  test  columns  in  all,  six  were  made  up  of  two  built 
channels  8"  back  to  back  8"  X  %"  plates  and  2}4  X  2}4  X  H 
angles  with  5/8  soft  steel  rivets  A"  centers  laced  with  1%  =  3^  bars 
9"  alternate  spacing.  Pins  were  4-3/8"  parallel  to  the  webs.  Lengths 
center  to  center  pins  16  feet,  20  and  24  feet,  Slenderness  ratios 
L/R,  42  to  63.  Ultimate  strength  41,000  pounds  per  square  inch 
for  the  shorter  to  40,000  pounds  per  square  inch  in  round  numbers 
for  the  longer  columns.  Test  specimen  gave  an  ultimate  strength 
of  83,000  to  84,000  pounds  per  square  inch.  Elastic  limit,  i.e.  yield 
point  51,000  to  53,000  pounds  per  square  inch.  Elongation  19  to 
20%  in  eight  inches.  , 

The  ultimate  strength  was  so  much  less  than  expected  that  it 
was  commented  upon  by  Mr.  James  Christie  in  the  discussion  of  the 
paper  as  follows: 

"Experiments  on  the  compression  of  solid  bars  of  wrought  iron 
or  steel,  having  the  same  slenderness  ratios,  i.  e.  (42  to  63)  as  the  column 
tested  by  Mr.  Dagron  usually  gives  results  for  maximum  resistance 
at  least  equal  to  the  elastic  limit  of  the  material,  steel  bars  averaging 
10  percent  and  iron  bars  about  25  percent  above  the  elastic  limit." 
"The  experiments  on  these  built  columns  show  a  reduction  of  the 
maximum  resistance  below  the  elastic  limit  of  25  percent." 

"The  resistance  of  these  columns  was  only  five  to  ten  percent 
greater  than  we  would  expect  from  similar  columns  of  iron  having 
an  elastic  limit  of  30,000  pounds." 

Now  in  Art.  20,  we  have  recorded  the  test  results  on  Phoenix 
square  ended  columns  which  run  but  five  percent  lower  in  ultimate 
strength  than  these  steel  specimens.  For  tests  of  pin  end  conditions 
we  may  refer  to  the  laced  iron  channel  columns  tested  by  the  Detroit 
Bridge  and  Iron  recorded  in  Lanza's  Applied  Mechanics: 


♦Ends 

Channel 
Bars 

Length 

Section 

L/R 

Lattice 
Spacing 

Ultimate 
Strength 

Pin 

Perpen- 
dicular 
to  web 

8' 
10" 
10" 

13'4" 
20' 10" 
16'8" 

7.5  sq.  in. 
9.8  sq.  in. 

9.6  sq.  in. 

53 
68 
56 

18"          35,000  aver  of  2 
22"          33,700aVer  of  2 
22"          33,900  aver  of  2 

♦Tests  with  pins  parallel  gave  identical  results  for  like  ratios  of  L/R,  Watertown  Arsenal, 


39 


DAGRON  TESTS  OF  L-VmCED  COLUMNS.  PIN  ENDS 
From  Trans.  Am.  Soc.  C.  E.  1889 

Showing  detail  buckling  of  angle  flanges  at  failure.  Failure  by 
bending  parallel  to  pins  which  were  parallel  to  the  web.  All  fail- 
urea  occurred  near  the  center  of  the  length. 
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These  tests  show  strengths  for  laced  wrought  iron  channels 
running  fifteen  percent  under  the  hard  steel  values  and  but  five  to 
eight  percent  above  the  yield  point  value  of  iron  taken  at  31,000 
pounds  per  square  inch  instead  of  the  twenty  five  per  cent  that  Mr. 
Christie  gives  for  solid  bars  of  iron  or  like  slenderness  ratios. 

In  seven  out  of  the  eight  tests  described  by  Mr.  Dagron  failure 
occurred  near  mid  length  of  the  column,  thru  initial  buckling  of  the 
outstanding  angle  flange  between  lattice  connections. 

Consider  a  strip  at  the  outer  edge  of  the  flange;  as  the  angle  is 
^  inch  thick  and  it  is  18  inches  center  to  center  lattice  connections 
L/t  =  12  and  L/R  for  the  strip  =  210. 

Now  if  this  outstanding  strip  were  unrestrained  by  the  angle 
at  the  root  it  would  fail  at  about  12,000  pounds  per  square  inch,  taking 
n  at  3^  in  the  curves  of  Fig.  C6. 

In  the  test  of  tees  and  angles  the  reduction  in  strength  for  ^in 
and  square  ends  was  one  fourth  for  a  flange  projecting  six  times 
its  thickness.  This  flange  projects  7  thicknesses  beyond  the  C.  G. 
of  Channel  so  that  the  reduction  in  ultimate  yielding  would  be 
72/62  X  (41—15)  ^  4  =  9.8  kips.  (1000  lb.  units.) 

If  now  we  add  10%  to  the  yield  point  value  of  53,000  and  deduct 
9,000  for  bending  (Fig.  C6)  and  9,800  for  buckling  stress  we  arrive 
at  the  approximate  value  of  the  ultimate  strength  of  the  test. 

Continuing  our  historical  review,  in  the  Phoenix  handbook  of 
1890  we  find  specification  of  STEEL  embodied  in  three  lines,  sand- 
wiched into  a  long  specification  for  wrought  iron.  (Page  118  Phoenix 
Handbook  1890)  STEEL: 

"15.  No  specific  process  or  provision  of  manufacture  will  be 
demanded,  provided  the  material  fulfills,  the  requirements  of  this 
specification."  (i.e.  for  wrought  iron). 

From  the  manufacturers  effort  to  measure  the  new  structural 
metal  by  the  yardstick  of  the  old  claiming  for  it  far  greater  toughness 
and  ability  to  stand  more  severe  cold  bend  and  drifting  tests  while 
possessing  greater  strength,  uniformity  and  homogeneity  arose  that 
type  of  specification  which  soft  steel  alone  might  fill. 

The  terms  TOUGH  and  SEVERE  in  respect  to  a  test  in  their 
proper  significance  should  clearly  define  a  superior  product  from 
the  structural  standpoint  but  unfortunately  the  characteristic  of 
toughness  has  been  confused  with  the  attributes  of  weakness.  The 
spectacular  nature  of  a  drift  or  bend  test  has  been  confounded  with 
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the  severity  of  the  test.  Let  us  refer  to  Webster  for  the  correct  mean- 
ing of  the  term  tough  and  we  find  that  from  the  physical  standpoint 
it  represents  that  which  is  strong,  stiff,  rigid,  not  flexible,  as  a  tough 
bow  presenting  the  property  yielding  to  force  without  brittleness. 
mm  In  other  words,  toughness  is  measured  by  the  degree  of  strength  and 
HP  rigidity,  exhibited  under  the  applied  force  coupled  with  ultimate 
failure  without  manifest  brittleness.  A  severe  test  according  to 
Webster  is  one  difficult  to  endure,  hard  or  rigorots  involving  the 
work  function  or  quantitative  expenditure  of  much  mechanical 
energy  in  a  distortion  test. 

Mr.  Harr>'  J.  Lewis,  Engineering  News,  April  1895,  has  shown 
soft  steel  to  be  capable  of  drifting  a  13/16'  hole  in  a  3  8'  plate  to 
eight  times  its  area  and  a  3  4'  hole  in  a  1-3  '8'  bar  to  six  times  its 
area  and  of  being  bent  double  over  on  itself  180  degrees  again  and 
again  in  the  same  bar  without  cracking. 

These  characteristics  of  soft  steel  are  excelled  greatly  by  lead  in 
the  ease  by  which  a  hole  in  the  sheet  may  be  enlarged  by  drifting 
or  the  material  doubled  over  upon  itself  but  it  is  not  a  characteristic 
of  toughness  nor  severity  of  the  test  if  we  measure  the  work  produc- 
ing the  distortion  in  terms  of  units  of  distortion. 

The  mechanical  energy  required  to  distort  the  metal  a  given 
amount  i^  a  measure  of  its  toughness  providing  it  does  not  exhibit 
brittleness  of  sudden  failure  without  distortion.  The  measure  of 
structural  utility  of  the  material  lies  in  its  strength  and  stiff^ness 
and  its  *toughness  is  measured  by  the  amount  of  force  or  energy 
required  to  distort  or  deform  it  a  given  amount. 

Considered  from  this  angle  the  grades  of  steel  selected  by  the 
engineers  of  the  Forth  Bridge  apf)ear  to  ix)ssess  for  carbon  steel 
the  characteristic  of  maximum  toughness  and  ability  to  withstand 
the  most  severe  drifting  test  consistent  with  economic  strength  for 
the  tension  member  and  the  greatest  resistance  to  plastic  deformation 
in  the  compression  member  to  be  secured  in  carbon  steel  consistent 
with  toughness. 

The  early  classification  of  steel  was  SOFT  from  50,000  to  58,000 
pounds  per  square  inch,  MEDIUM  60,000  to  70.000  pounds  per 


*A  practical  coacrptioa  of  rdathrc  or  proportionate  toushncw  can  b«K  be  acquired  by 
perfonaiac  tbc  folloarlac  cspcrteeat:  Secore  two  S/8'  rouad  bars  20*  loaa  oae  o(  aUld  Med. 
ultioMWaboot  SO.000  Iba.  per  Miliar*  lach  and  another  tiiicoa  ttccl  low  In  pboapbonia.  Mlpbw 
and  wanianirrT  havtag  an  altiautte  ■treogtli  of  I2S.000  poaada  per  •qnare  iacb  and  bvad 


each  with  a  baaiOMr  or  tlcdge  IM  dair<«a  to  a  radlut  equal  to  the  diameter  of  tbe  bar.  Tbe 
■tadcM't  Biiiinl  catiaate  will  undomta^  be  that  it  require*  a  tbouaand  fold  aMve  aiaaealar 
eacrcy  to  boid  tbe  latter  than  the  fonacr  tboogh  a  (ew  hundred  fold  diflereaee  In  ancbaBlcal 
caergy  would  be  nearer  tbe  truth. 


42  Schneider's  specifications 

square  inch,  INTERMEDIATE  from  70,000  to  80,000  pounds  per 
square  inch  and  hard  above  80,000  pounds  per  square  inch. 

•  *  C.  C.  Schneider  adopted  a  working  stress  in  tension  15,000 
pounds  per  square  inch  for  soft  and  17,000  pounds  per  square  inch 
for  medium  steel.    For  compressive  strains 

15,000 

For  soft  steel,  p  = 

P 

1  + 

13,500  r2 
17,000 

For  medium  steel,  p  = 

^2 
1  + 


11,000  r2 
p  =  permissible  working  strain   per  square  inch   in  com- 
pression. 
I  =  length  of  piece  in  inches,  center  to  center  of  connection. 
r  =  least  radius  of  gyration  of  the  section  in  inches. 
See  Pencoyd  Handbook,  1898  and  earlier  editions. 

The  divergent  values  for  which  these  specifications  were  adopted 
were  obviously  intended  to  cover  the  average  resistance  of  soft 
steel  at  55,000  pounds  and  medium  steel  at  65,000  pounds  per  square 
inch.  But  the  manufacture  of  two  different  grades  of  steel  for  the 
same  class  of  structure  to  meet  the  views  of  those  who  wanted  a 
material  which  would  stand  excessive  distortion  in  drift  tests  and 
bend  tests  and  those  who  wanted  structural  stability  and  economic 
hardness  on  the  other  hand  caused  the  steel  corporation  to  favor  a 
modified  specification  in  which  the  ultimate  strength  limit  of  soft 
steel  was  increased  to  62,000  pounds  per  square  inch  to  overlap  the 
medium  steel  tolerance  with  elongation  25  percent,  bending  test 
180  degrees  over  on  itself;  for  medium  steel  60,000  to  70,000  pounds, 
elongation  22  percent  bending  test  180  degrees  to  a  diameter  equal 
to  the  thinness  of  the  piece  tested. 

Now  the  tested  ultimate  strength  is  higher  the  more  rapidly  the 
load  is  applied  and  with  a  uniform  charge  and  variable  speed  of  test 
it  is  not  difficult  to  keep  within  a  range  of  about  2,000  pounds  per 
square  inch  so  that  with  this  over  lapping  of  the  different  grades  the 
rolling  mill  could  supply  soft  steel  grade  and  medium  grade  steel 
from  the  same  melt,  poured  from  the  same  laddie,  rolled  from  the 
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same  ingot  and  the  professional  bridge  engineers  of  the  country  at 
large  were  allowing  one  eighth  increase  in  the  working  stress  on  their 
bridge  members  upon  no  more  substantial  tiasis  than  the  laliel  of 
the  mill  pnxluct  as  medium  steel  which  in  point  of  strength  qualified 
only  within  the  lowest  limit  of  tolerance  permitted  under  the  speci- 
fication. 

The  al>surtliiy  of  the  >iiuaiion  seems  to  have  ktien  appreciated 
for  in  the  next  edition  of  the  Carnegie  Handbook  we  find  the  recom- 
mendation for  bridge  steel  from  55,000  to  65,000  pounds  per  square 
inch,  a  material  the  lower  range  of  which  is  much  too  soft  and  the 
upper  range  insufficiently  hard  to  secure  the  most  economic  results 
as  indicated  by  the  demand  for  harder  material  and  the  increasing 
use  of  expensive  alloy  steel  to  secure  economic  hardness  in  the  make 
up  of  large  compression  members. 

19.  The  Zee  Bar  Column  furnishes  an  interesting  study  of  the 
effect  of  change  of  proportion  upon  manner  of  failure  and  relative 
ultimate  strength. 

This  type  of  section  was  introduced  by  Mr.  C.  L.  Strobel  in 
1886  in  a  bridge  at  Kansas  City  for  the  Chicago,  Milwaukee  and 
St.  Paul  Railroad.  Zee  bar  columns  in  the  bridge  were  made  up 
of  four  3"  X  5'  X  3'  Zee-bars  11  16'  thick.  Column  sections 
tested  by  Mr.  Strobel  at  Keystone  Plant  were  made  of  four  lYi  X 
y  X  1}/^  Zee-bars  5/16"  thick.  Instead  of  connecting  the  Zee-bars 
by  a  plate  they  were  laced  together  in  the  middle  plane  and  at  each 
end  there  were  three  tie  plates,  one  in  the  center  and  one  on  each 
outside  face.  The  specimens  were  square  ended  and  the  failure  in 
each  case  was  by  simple  bending. 

The  accompanying  table*  gives  the  length,  sectional  areas, 
elastic  limit  of  the  column,  ultimate  strength  per  square  inch,  ratio 
of  length  to  least  radius  of  gyration,  ultimate  strength  by  Rankine- 
Gordon  formula  and  the  ultimate  strength  by  Strobel's  formula. 

•Dau  from  Vol.  XVIII.  TniM.  Am.  Soc.  C.  E.  iSM. 
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GENERAL  RESULTS  OF  COMPRESSION  TESTS  OF 
15  Z-IRON  COLUMNS 

RADIUS  OF  GYRATION,  LATTICE  BARS  NOT  CONSIDERED,  =2.05. 


Ult.  Str. 

Ultimate 

Strength 

Ratio    of 
Length 

By  formula 
(Rankine- 

Ult.  Str. 

Length 

Sectional 

Elastic 

Ultimate 

to 

Gordon) 

by 

No.  of 

of 

Area 

Limit 

Strength 

Least 

36,000 

formula 

Column 

Column 

Sq.  Ins. 

Total 
Pounds 

Pounds 
per  sq. 

R  9  H 1  iiQ 

Af.  nnn 

IVdUlUO 

of  gyra- 

12 

125  L/R 

in. 

tion 

1+ 

36,000  r2 

3 

lO'llM" 

9,435 

28,800 

36,800 

64 

32,300 

4 

lO'llM" 

9,985 

26,400 

34,600 

64 

32,300 

2 

15'0" 

9,480 

27,400 

34,600 

88 

29,600 

35,000 

5 

15'0" 

9,280 

26,000 

36,600 

88 

29,600 

35,000 

1 

WQ%" 

9,241 

27,000 

33,800 

112 

26,700 

32,20|) 

6 

19'0M" 

10,104 

22,000 

33,700 

112 

26,700 

32,200 

7 

22'0" 

9,286 

30,700 

129 

24,600 

29,900 

8 

22'0" 

9,286 

26,000 

29,500 

129 

24,600 

29,900 

9 

22'0" 

9,286 

30,700 

129 

24,600 

29,900 

10 

25'0" 

9,156 

28,100 

146 

22,600 

27,750 

11 

25 '0" 

9,456 

28,000 

146 

22,600 

27,750 

12 

25'0" 

9,516 

28,400 

146 

22,600 

27,750 

13 

28'0" 

9,375 

23,600 

27,700 

164 

20,600 

25,500 

14 

28'0" 

9,643 

20,000 

28,000 

164 

20,600 

25,500 

15 

28'0" 

9,375 

27,600 

164 

20,600 

25,500 

The  elastic  limit  was  taken  at  the  commencement  of  permanent 
lateral  deflection  or  permanent  set  or  contraction. 

It  will  be  seen  from  these  values  that  the  Z-bars  arranged  in  this 
way  give  ultimate  strengths  approximating  those  of  the  Phoenix 
column  but  that  the  elastic  limit  for  the  higher  slenderness  ratios 
is  of  a  lower  order. 

Quoting  Mr.  Strobel: 

"The  values  obtained  are  near  approximations  to  the  Watertown 
results  with  Phoenix  columns,  and  exceed  those  heretofore  obtained 
with  other  types  of  columns.  This  favorable  showing  for  the  Z-iron 
columns  should  probably  be  attributed  to  the  fact  that  the  material  in 
the  outer  periphery  of  the  cross  section,  on  which  dependence  must  be 
placed  to  hold  the  column  in  line,  is  not  weakened  by  rivet  holes,  but  is 
left  solid  and  unbroken,  and  is,  therefore,  in  the  best  shape  to  do  its 
work  effectively." 

"The  average  of  Hodgkinson's  cylindrical  tubes,  for  lengths  ranging 
from  40  to  90  radii  (14  to  32  diameters)  was  33,100  pounds  per  square 
inch.     (A  softer  iron) 

The  average  for  the  Watertown  tests  of  Phoenix  columns  for  lengths 
ranging  from  40  to  110  radii  (14.1  to  39.5  diameters)  was  35,800  pounds 
per  square  inch. 

The  average  for  Mr.  Bouscaren's  tests  of  latticed  channel  columns 
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(or  length*  ranging  from  59  to  90  radii  (21  to  32  dianieCert)  was  32,300 
pounds  per  square  inch. 

The  diameters  referred  to  in  the  above  are  the  diameters  of  an 
equi\-alent  cylindrkal  tube  whose  area  b  oonoentrated  in  the  cirrunv> 
ference  and  whose  radius  of  g>ration  is  the  same  as  that  of  the  section 
considered. 

The  present  tests  on  Z-iron  columns  show  no  variation  in  the 
ultimate  strengths  for  Columns  64  radii  (2S  diameters)  and  88  radii 
(Jl  diameters)  long,  the  average  bcinj;  ^5,650  pounds  per  square  inch. 

The  iron  from  which  the  test  specimens  wtre  made  was  of 
excellent  quality  from  49.0()()  to  52,000  pounds  per  square  inch 
ultimate  having  an  average  yield  p>oint  value  of  32,000  to  35,000 
pf)unds  per  square  inch  and  an  elongation  from  1.^  to  22  percent  in 
eight  inches. 

Tests  of  square  ended  Z-bar  oilumns  of  steel  having  an  ultimate 
strength  of  58,000  to  59,000  pounds  per  square  inch  and  a  yield 
point  value  of  38,000  to  39,000  pounds  tested  by  the  Bureau  of 
Standards,  gave  an  average  ultimate  strength  for  a  slenderness 
ratio  of  L  ff  =  50  of  35,700  pounds;  for  L/R  —  85  an  average  value 
of  32,800  pounds;  for  L'R  =  120  of  29,700  pounds  for  metal  »4  inch 
thick  and  for  heavier  metal  5  8  inch  thick  of  27,300  to  32,900 
pounds  for  the  smaller  slenderness  ratio. 

It  appears  therefore  that  the  wrought  iron  columns  tested  by 
Mr.  Strobel  gave  values  for  a  slenderness  ratio  of  L/R  =  64  about 
five  percent  higher  than  the  steel  column.  And  for  a  slenderness 
ratio  of  120,  six  to  seven  percent  higher  than  steel  having  an  ultimate 
strength  from  16  to  20  percent  higher  and  a  yield  pcjint  value  about 
fifteen  percent  higher  than  the  wrought  iron. 

N  this  difference  in  favor  of  the  wrought  iron  to  be  attributed 
to  compressive  strength  of  wrought  iron  superior  to  steel  or  to  the 
form  of  the  section?  The  final  conclusion  of  the  special  committee 
of  the  American  .Society,  Vol.  LXXIII,  1919,  was  that  the  form  of  the 
section,  whether  box,  H,  Z,  Channel  or  I,  or  four  angles  and  plates, 
made  little  difference  for  slenderness  ratios  of  50  to  85  L  R,  but 
according  to  their  progress  report  publishetl  in  Tr.iii-  Am.  Soc. 
C.  E.,  Vol.  LXCI,  1910.  the  adjusted  value  of  the  uliimait-  strength 
f)f  the  wrought  iron  column  to  a>rrespond  to  the  steel  should  be 
increased  twenty  percent  over  the  test  results  for  tin-  iron  section. 
Consec^uently  if  the  special  committee  were  correct  in  their  figures 
in  1910  their  conclusion  in  1919  with  respect  to  form  is  from  thirty 
to  thirty  five  percent  in  error  for  their  conclusions  do  not  agree 
with  the  facts. 

Perhaps  l>oih  coiiclunions  of  this  special  committee,  after  nine 
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years  of  study  may  be  considered  erroneous  as  indicated  by  the 
manner  of  failure  or  deformation  of  the  steel  columns  when  con- 
trasted with  the  deformation  of  the  wrought  iron  columns  tested  by 
Mr.  Strobel.  Mr.  Strobel's  column  failed  by  simple  bending, 
buckling  in  the  weakest  direction.  About  that  axis  the  radius  of 
gyration  was  about  two  inches  while  about  the  normal  axis  the  radius 
of  gyration  was  about  twice  as  great. 

Contrast  this  deportment  with  that  of  the  steel  columns  tested 
at  the  Bureau  of  Standards  in  which  the  failure  was  accompanied 
by  a  twist  or  corkscrew  like  type  of  yielding.  In  Mr.  Strobel's 
tests  the  slenderness  ratio  at  right  angles  differed  by  one  hundred 
percent.  In  the  Bureau  of  Standards  tests  the  slenderness  ratio 
about  rectangular  axes  was  much  nearer  an  equality  more  conducive 
to  twisting  deformation.  In  the  details  of  the  Strobel  column  the 
three  tie  plates  tended  to  equalize  the  pressure  over  the  cross  section 
at  the  end  preventing  incipient  buckling  from  inequalities  in  dis- 
tribution of  the  load  and  this  element  of  strength  was  lacking  in 
the  Bureau  of  Standards  Tests  which  will  now  be  considered  more 
in  detail. 

20.  American  Society  Committee  Report  on  the  Working 
Values  of  Columns  and  Struts  was  based  on  tests  made  at  the 
Bureau  of  Standards  and  the  consideration  which  this  Committee 
gave  the  subject  during  the  ten  years  following  1909.  The  intention 
of  the  Committee  was  as  far  as  practical  to  eliminate  all  the  variables 
except  that  of  form.  To  consider  thick  and  thin  material  in  the 
make  up  of  the  sections  for  slenderness  ratios  varying  from  50  to 
120  L/R.  The  tests  embodied  riveted  H  sections,  (four  angles  and 
a  web  plate) ;  box  sections,  (two  channels  and  two  cover  plates) ; 
two  channels  turned  in  riveted  to  the  back  of  an  I-beam;  Z-bar 
sections  of  four  4  inch  by  }/i"  Zs  with  a  7  by  34"  plate;  four  Z-bars 
5/8"  with  a  7  by  5/8"  web  plate;  10"  Is  with  11"  cover  plate  riveted 
to  each  flange;  angle  box  sections  similar  to  the  channel  and  plate 
sections  and  Bethlehem  and  Carnegie  light  and  heavy  8"  rolled  H 
sections;  and  one  sample  of  four  bulb  angles  and  a  plate  in  place  of 
four  ordinary  angles. 

The  desired  physical  properties  of  specimen  tests  were  ultimate 
strength  60,000  pounds  per  square  inch  with  allowed  variation  1,500 
pounds  either  way;  yield  point  desired  38,000  pounds  per  square 
inch  with  1,000  pounds  variation;  elongation  desired  28  percent; 
reduction  of  area  56  percent;  cold  bend  180  degrees  flat  on  itself. 
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In  order  that  the  question  of  the  form  of  the  section  only  should 
govern  it  was  obviously  necessar\'  to  secure  material  of  a  high  degree 
of  uniformity.  In  general  the  trend  of  these  experiments  seemed  to 
indicate  that  for  some  cause  to  be  determined,  the  sections  with  the 
thinner  material  gave  higher  ultimate  strength  values  than  the 
sections  with  thicker  material  in  apparent  amflict  with  tin-  law  of 
twisting  or  buckling  discussed  in  previous  articles.  II  a  uuch  of 
this  difference  may  be  attributed  to  lack  of  unifofmits  ot  material 
and  how  much  to  the  effect  of  shop  work  as  between  the  thick  and 
thin  metal  is  a  matitr  which  we  will  commence  to  investigate  by 
considering  the  plain  rolled  sections  on  which  no  punching  or  riveting 
was  done.  The  accompanying  table  gives  the  size,  length  to  the 
nearest  inch,  slendemess  ratio,  and  ultimate  strength  developed. 


T.ABLE  A 
DATA  FRO.M  TRANS.  AM.  SOC.  C.  E.  1919 


Shape 

Weight 

Length 

L/R 

Column 
Average 
Ultimate 
Strength 

Tensile 
Ultimate        V.  p. 
of  Specimen  Teat 

Light  Bethelhcrn  8'  H 

32  lbs. 
32  lbs. 

8'3' 
14'0' 
19' 10' 

50 

85 

120 

38,000 
34.300 
32.000 

58.900     web  37.000 
64,000     Rt.  38.000 

Light  Carnegie  6'  H 

23.8  lbs. 

6'0' 
10*3' 
14'6' 

50 

85 

120 

31,000 
30.400 
27,200 

no  data 

Light  Carnegie  8'  H 

34  lbs. 

7'9' 
13'3' 
18'8' 

50 

85 

120 

33.500 
31,700 
29,200 

Hea\-y  Bethlehem  H 

62  lbs. 

8'8' 
14'10' 
20*11' 

SO 

85 

120 

35.400 
32.300 
30.000 

57,000        32.500 
to         33,700 
58.000 

Extra  Heaxy 
Bethlehem  H 
8'  X  91  lb». 

91  lb*. 

9'0' 
15'4' 
21'8' 

50 

85 

120 

25.200 
23.500 
21.300 

Aver.       18.000 
56,000 

I. 

I 


In  considering  this  table  the  specimen  tests  gave  ultimate  strength 
of  strips  cut  from  the  web,  r(X)t  and  flange  and  a  useful  limit  jx>int 
which  differs  from  the  primitive  yield  point  by  the  amount  the 
primitive  yield  ix>int  may  have  been  raised  by  repeated  runs  of  the 
knding  but  may  serve  as  a  comparative  basis  to  like  advantage. 
It  is  marked  Yp  under  the  specimen  tests. 
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The  sections  compared  were  light  Bethlehem  H  weighing  32 
pounds,  Carnegie  section  34  pounds  per  foot,  with  a  heavy  Bethlehem 
H  section  62  pounds  a  foot. 

Comparing  the  Bethlehem  heavy  H  section  with  the  Bethlehem 
light  section,  it  will  be  noticed  that  the  metal  in  the  light  section  was 
higher  in  ultimate  strength  and  in  yield  point  value.  As  to  the 
Carnegie  sections  no  data  is  given.  Comparing  the  four  the  Bethel- 
hem  62  pound  section  is  stronger  than  the  Carnegie  lighter  section 
in  the  ultimate  per  square  inch  and  under  runs  the  Bethlehem  light 
section  by  a  much  smaller  amount  per  square  inch  in  ultimate 
strength  than  the  difference  between  the  specimen  tests  in  favor  of 
the  lighter  section. 

From  these  four  it  is  obvious  that  as  far  as  the  properties  of  the 
material  are  comparable  the  heavier  section  shows  relatively  the 
greater  strength  as  would  be  expected  from  our  theory  of  twisting. 

Considering  now  the  specimen  tests  B  the  extra  heavy  Bethlehem 
H,  13^"  thick,  the  low  ultimate  and  yield  point  values  of  the  specimens 
indicate  a  softer  material  finished  at  too  high  a  heat. 

It  is  noticeable  that  the  difference  between  the  unit  ultimate 
strength  of  50  and  120  L/R  of  the  thick  section  is  less  than  three 
fourths  that  of  the  thinner  sections  and  were  the  length  of  the  respec- 
tive sections  decreased  to  20  L/R  the  ultimate  unit  strength  per 
square  inch  of  the  heavier  section  would  be  greater  than  that  of  the 
lighter. 

The  difference  in  compressive  strength  between  thick  and  thin 
specimens  rolled  from  the  same  melt  may  be  more  readily  accounted 
for  by  the  difference  in  the  temperature  of  the  metal  at  the  time 
of  the  final  pass  and  the  amount  of  quenching  which  the  surface  of 
the  specimen  has  been  subjected  to  in  its  travel  thru  the  rolls  by 
the  water  which  keeps  the  rolls  cool.  If  the  metal  is  finished  at 
too  high  a  heat  it  may  be  soft,  coarse  in  texture  and  lacking  in  the 
strength  and  toughness  of  the  shapes  finished  at  the  lower  and  more 
favorable  temperature. 

In  general  the  thinner  the  piece  the  greater  the  number  of  passes 
it  has  been  subjected  to  in  rolling  and  the  greater  the  amount  of 
quenching  its  surface  has  received.  Quenching  raises  the  ultimate 
strength  more  relatively  than  the  increase  in  the  yield  point  value 
so  that  for  different  thicknesses  of  material  of  the  same  chemical 
composition  it  is  not  possible  to  maintain  a  fixed  value  for  the 
ultimate  strength  and  also  the  yield  point  limit.    They  will  increase 
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or  decrease  under  the  conditions  noted  disproportionately.  The 
addition  of  carbon  under  like  physical  treatment  tends  to  increase 
the  ultimate  strength  and  the  yield  point  limit  approximately 
proportionate  amounts,  for  structural  steel  grade. 

From  the  wide  divergence  in  the  character  of  the  material  as 
indicated  by  the  specimen  tests  the  tests  of  the  H  sections  affords 
only  an  indication  of  the  general  laws  of  change  of  strength  with 
thickness  where  the  form  is  proportional  or  similar. 


T.ABLK  B 

TEST  OF  COLUMN  SECTIONS  SQUARE  ENDS 
(Data  from  Trans.  Am.  Soc.  C.  E.  Vol.  LXXXIII  p.  1583) 


Specimen — •Yield 

Ultimate  Column 

Section 

Point 

Strength  Average 

Type 

4U5x3 

Length 

L/R 

Light       Heavy 

Light       Heavy 
(Compression) 

16'  pi. 

(Tension) 

1 

-Metal  5/16 

3'9' 

20 

36.400 

Metal  5/8 

3'ir 

20 

44.400 

ami 

Metal  5/16 

9'4' 

50 

28,800 

32.700 

Metal  5/8 

9'10' 

50 

24,700 

29,700 

lA 

Metal  5/16 

15'10' 

85 

27,800 

31.200 

Metal  5/8 

16'9' 

85 

25.300 

28.100 

Rivets 

.Metal  5/16 

22'5' 

120 

26.600 

28,300 

.Metal  5/8 

237' 

120 

23,300 

25.400 

3/4'  . . 

Metal  5/16 

28'11' 

155 

25.200 

26,200 

.Metal  5/8 

30'6' 

155 

21.900 

22.700 

Specimen — 'Yield 

Ultimate  Column 

Section 

Point 

Strength  .Average 

Type 

44- Zs 

Length 

L/R       Light      Heavy 

Light         Heavy 

7' pi. 

(Tension 

(C  ompression) 

8 

Metal  1/4 

10'3' 

50 

31.300 

35,700 

and 

Metal  5/8 

10'6' 

SO 

29.000 

32.900 

8a 

Metal  1/4 

17'6' 

85 

31.000 

32.800 

Rivets 

Metal  5/8 

17'9' 

85 

29,700 

31.400 

3/4' 

Metal  1/4 

24'7' 

120 

28.200 

29,700 

Metal  5/8 

25'!' 

120 

25.500 

27.300 

Table  B  shows  the  test  results  on  H  sections  made  up  of  four 
5  by  y  angles  and  a  6'  plate  with  light  sections  of  5  16'  metal  and 
5/8*  for  the  thick  sections.  These  tests  were  extended  to  the  slender- 
ness  ratios  of  20  L/R  and  the  higher  ratios  of  155  L/R.    For  20  L  R 

*So.calM  wefvl  Umit  point  dIfcriM  fvoa  tb«  drop  of  the  htmm  m  rxpUiiMd  p.  I6IS  o 
Conniitt««  report  dcAacd  m  the  poliit  dctcralMd  by  drawlBt  •  taacent  to  the  Mrr**  ftratn 
corv*  havla«  a  flop*  h»SA  that  of  it*  itfaicbt  or  Marty  Mraiaht  portioa. 
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the  5/16"  metal  column  tests  gave  a  unit  ultimate  strength 
of  36,400  pounds  while  the  5/8"  metal  gave  an  ultimate  strength  of 
44,400  pounds,  thus  exhibiting  a  twenty  five  percent  increase  in 
resistance  to  buckling  of  the  5/8"  metal  as  against  the  5/16"  metal. 
But  notwithstanding  this  increased  resistance  to  buckling  the  thicker 
sections  did  not  develop  as  high  ultimate  strength  as  the  thinner  for 
ratios  of  50  to  120  L/R. 

The  manner  of  fabricating  the  column  furnishes  a  partial  explana- 
tion of  this  anomalous  result.  They  were  extra  well  riveted  in  order 
to  make  the  angles  and  plate  act  as  nearly  as  possible  as  a  unit  but 
in  punching  holes  four  diameters  of  the  rivet  apart  in  one  leg  of  the 
angle  only  it  tends  to  curve  or  bend  the  angle  by  stretching  the  three 
inch  leg  and  compressing  the  five  inch  leg.  This  curvature  of  the 
angles  would  have  to  be  taken  out  in  assembling  and  the  result  would 
be  a  relatively  high  degree  of  internal  stress  representing  the  differ; 
ence  between  drilling  the  holes  and  punching.  This  phase  of  the  shop 
work  might  have  been  investigated  by  drilling  part  of  the  sections 
and  punching  a  part  instead  of  fabricating  all  in  the  same  identical 
manner. 

The  magnitude  of  the  internal  stress  produced  by  the  punching 
an  unsymmetrical  line  of  holes  depends  on  the  thickness  of  the  metal 
relative  to  the  diameter  of  the  punch.  With  5/16"  metal  and  %" 
punch  the  effect  of  the  distortion  of  the  metal  between  the  punch 
and  the  dye  might  not  be  noticeable  in  the  curvature  of  the  angle 
but  with  the  5/8"  metal  it  would  be  material — readily  observable. 

The  steel  sections  in  the  Bureau  tests  under  run  the  ultimate 
strength  developed  by  wrought  iron  Z-bar  columns  tested  by  Mr. 
Strobel  as  tabulated  in  Art.  18.  Thus  the  highest  compressive  value 
for  steel  is  35,700  pounds  ultimate  strength  for  50  L/R  against 
36,800  for  64  L/R  in  Mr.  Strobel's  tests  of  wrought  iron  while  for 
85  L/R  the  ultimate  strength  of  the  steel  was  32,800  for  the  light 
section,  31,400  for  the  heavy  section  against  a  mean  of  35,600  for 
the  wrought  iron.  The  steel  columns  exhibit  strength  inferior  to 
that  developed  by  the  wrought  iron  altho  specimens  of  the  steel 
developed  60,000  pounds  tensile  resistance  against  49,000  to  50,000 
pounds  per  square  inch  for  the  wrought  iron  indicates  an  effect 
upon  the  ultimate  strength  of  material  importance  produced  by  end 
details  and  difference  of  distribution  of  the  metal  in  the  form  of  the 
section. 

Thus,  the  wrought  iron  sections  of  Mr.  Strobel  had  a  slenderness 
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ratio  Qf  a  much  lower  order  about  an  axis  normal  to  the  plane  of 
the  lacing  or  web  than  the  steel  columns  tested  by  the  Bureau.  In 
the  Bureau  tests  the  failure  of  the  steel  Z-bar  column  was  of  the 
cork  screw  tyiie.  The  failure  of  the  wrought  Z  column  in  Mr. 
bel's  tests  was  that  of  simple  l)ending.  The  wrought  iron  column 
a  polar  moment  of  inertia  much  greater  than  the  steel  column. 
Hence  the  tendency  of  the  steel  sections  to  twist  was  reduced  in 
the  wrought  iron  column  with  the  increase  of  the*  fx)lar  moment  of 
inertia.  Again,  thru  its  three  tie  plates  at  the  ends,  a  fairly  uniform 
distribution  of  the  applied  loading  across  the  area  of  the  section  of 
the  wrought  Z-<'olumn  was  insured.  The  plain  milled  end  of  the  steel 
column  without  tie  plates  stiffening  the  outer  flanges  of  the  7, 
would  be  affected  by  any  inequality  of  the  applicai  i(  -n  i  (f  the  pressure 
which  effect  would  not  in  turn  be  redistributed  by  a  Iwse  detail  such 
as  practical  column  is  fitted  with.  The  omission  of  a  web  plate  and 
the  substitution  of  lacing  to  perform  the  function  of  stiffening  the 
section  of  the  wrought  iron  column  constitutes  a  redistribution  of 
the  metal  further  from  the  center  of  the  section  prtxlucing  more 
favorable  results  than  the  minimum  slendemess  ratio  of  L  R  would 
indicate. 

But  the  ultimate  strength  is  only  one  side  of  the  elastic  deport- 
ment which  we  are  investigating.  Comparison  of  the  superiority 
of  the  Phoeni.x  sen  ion.  symmetrical  alxmt  it-  (tnur.  with  the  Z-bar 
unsymmetrical  alxmt  its  center,  in  the  tests  tabulated  in  Art.  14, 
with  those  tabulated  in  Art.  18  teach  an  important  lesson  in  a)lumn 
design. 

(a)  From  these  tests  it  appears  steel  columns  of  small  size  of 
sections  unsymmetrical  about  a  center  are  not  as  strong  as  wrought 
iron  columns  such  as  the  Phoenix  which  are  symmetrical,  a  deficiency 
caused  by  difference  in  form. 

That  where  this  ratio  is  less  than  30  the  ultimate  strength 
of  heavy  sections  is  greater  than  that  of  light  sections  but  the  develop- 
ment of  this  excess  strength  is  accompanied  by  set. 

(c)  That  the  average  superiority  in  ultimate  strength  »)t  the 
lighter  built  section  ik  it  withstanding  a  greater  tfinltiKA  l)ecause 
of  lack  of  thickness  of  metal  to  buckle  and  twist  is  aixuunied  for  by 
greater  hardness  of  the  thinner  metal  in  jxirt  and  in  part  by  the 
higher  intensit>  of  internal  stress  in  the  thicker  metal  caused  by 
punching. 

The  residual  .strain   frr»m  punching  normal  to  the  axi*  affects 
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tensile  and  compressive  resistance  of  the  short  specimen  a  Hke 
amount  but  when  the  axial  stress  is  not  distributed  uniformly  as 
in  the  column  approaching  rupture  this  reduction  in  ultimate 
resistance  decreases  as  the  slenderness  ratio  increases.  Hence  the 
relative  weakness  from  this  cause  should  exhibit  decrease  in  the 
relative  difference  between  the  strength  of  the  heavy  and  light 
sections  as  the  length  increases  until  at  200  L/R  the  heavy  sections 
would  develop  uniformly  greater  unit  strength  than  the  light  sections. 

Thus  the  light  section  of  2 — 8"  channels  11.25  pounds  and 
1 — 8"  /  18#  type  7  of  Fig.  C6  developed  24,000  pounds  per  square 
inch  as  maximum  ultimate  strength  or  no  more  than  the  fifty  percent 
heavier  section  when  for  each  L/R  was  increased  to  155;  whereas 
for  50  L/R  the  light  section  developed  36,900  pounds  per  square  inch 
and  the  heavy  but  29,100  pounds  per  square  inch. 

For  a  slenderness  ratio  of  50  L/R  the  light  Z-section  developed 
an  average  ultimate  of  35,900  pounds  per  square  inch  and  29,700 
pounds  for  120  L/R  while  the  heavy  section  developed  32,900  pounds 
average  for  50  L/R  and  27,300  for  120  L/R.  A  similar  trend  appears 
in  the  tests  for  the  built  box  sections. 

Reduction  of  the  working  stress  for  the  steel  column  in  building 
work  from  14,000  maximum  of  the  usual  code  allowance  to  12,000 
pounds  per  square  inch  (a  wrought  iron  working  stress)  was  recom- 
mended by  the  special  committee  in  its  final  report  of  January  16, 
1918.  This  recommendation  contrasts  strongly  with  that  of  an  asso- 
ciation of  fabricators  who  would  raise  the  present  working  stresses 
to  18,000  lbs.  per  square  in  divided  by  (1  +  l"^/  18,000r2.) 

General  experience  warrants  the  present  practice  as  conservative 
for  medium  steel,  and  a  searching  inquiry  into  all  the  conditions  and 
details  of  text  results  upon  which  present  practice  is  questioned 
is  in  order,  if  the  trouble  may  not  be  attributed  to  the  use  of  a  softer 
grade  of  metal  than  that  customary  in  earlier  practice. 

In  theory  our  committee  proposed  to  eliminate  all  variables 
except  that  of  form;  in  practice  they  included  with  variation  in 
form  the  variable  effects  of  shop  work  and  variable  hardness  of 
metal  without  effort  at  separation.  In  theory  they  proposed  taking 
photographs  of  the  detail  failure  of  the  specimens  which  is  most 
important  data  from  the  analytical  standpoint  but  in  practice  of 
their  final  report  no  views  are  to  be  found  and  we  are  left  to  supply 
this  deficiency  as  best  we  may  from  our  recollections  of  the  appear- 
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ance  of  the  scrap  pile  and  the  views  published  in  Engineering  News, 
June  28.  1917. 

21.  Columns  Tested  for  the  American  Railway  En^ineer- 
ig  Association  ai  ihc  Bureau  of  Sianciards  were  built  of  open 
tion  consisting  of  two  channels  laced  or  battened.  The  purpose 
|to  determine  strength  values  applicable  to  forms  most  commonly 

■HSisd  bridge  structures.     Base  details  were  such«as  are  used  in 

practice  in  contrast  to  the  milled  end  of  the  tests  discussed  in  Art. 

19,  but  the  material  was  sul>stantially  of  the  same  grade  as  far  as 

mlpht  be  secured  by  the  same  SF>ecitications. 

1  or  better  comparison  with  the  tests  of  the  preceding  article 
the  data  of  the  former  is  presented  in  TABLE  I  and  for  the  latter 
in  T.ABI.E  II  reproduced  from  Engineering  News,  together  with  the 
cut  showing  six  views  of  the  manner  of  faihire  under  excess  deforma- 
tion. 

Intergral  buckling  of  the  columns  was  hy  tar  the  most  common 
manner  of  failure,  not  merely  at  maximum  load  but  even  under 
the  additional  compression.  The  cur\'e  assumed  by  the  column  in 
such  case  is  exemplified  by  the  photographs  B  and  F,  Fig.  1.  Both 
the  solid  section  columns  and  the  latticed  columns  failed  by  bodily 
buckling.  None  showed  evidence  of  local  failure  (as  at  the  end 
connection  wing  plates,  in  the  lattice,  or  in  the  unsupported  lengths 
between  lattice  bars)  prior  to  the  point  where  maximum  load  was 
reached.  Further,  most  of  the  columns  when  forced  far  beyond  the 
failure  point  buckled  into  a  smooth  curve,  showing  that  they  de- 
veloped the  full  efficiency  of  the  column. 

While  local  or  detail  failure  was  rare,  some  of  its  manifestations 
were  of  noteworthy  character.  The  tie-plated  columns  of  the 
A.R.E.A.  series  failed  in  most  cases  by  buckling  between  the  batten 
plates.  That  they  did  not  develop  tin  strength  of  the  metal  in 
full  degree  is  proved  more  definitely  by  the  ultimate  strength  (Table 
II),  which  show  surprisingly  low  figures  for  all  these  columns.  On 
the  average,  the  tieplated  columns  were  only  half  to  two-thirds  as 
strong  as  latticed  columns  of  equivalent  size  and  length.  But  as 
explained  in  a  footnote  to  Table  II.  the  tie-plate  spacing  was  in  all 
cases  so  wide  as  to  make  the  slendemess-ratio  of  the  individual 
channel  l)et  ween  tie-plates  much  larger  than  that  of  the  whole  column. 

The  Phenomena  of  Rotary  Buckling:  All  the  Z-bar  columns 
of  the  thin  sections  failed  in  the  curious  manner  shown  by  .1  in 
Fig.  1.  The  middle  rotated  around  the  «)lumn  axis,  while  the  ends 
(hekl  by  the  machine  heads)  stayed  in  original  position. 
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ROTARY  BUCKLING  AND  BENDING 


Fig.  I 

VIEWS  OF  DETAIL  FAILURE  OF  TEST  COLUMNS 
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This  twisting  appeared  to  be  a  rotary  buckling.  The  four  out- 
standing legs  of  the  Z-l)ars  tend  to  buckle,  and  this  tendency  produces 
a  tangential  reaction  around  the  column  axis  as  center  of  twist. 
If  two  of  the  four  Z-bars  should  tend  to  buckle  in  one  direction,  and 
two  in  the  other,  Ijalance  might  exist;  in  all  other  cases  the  net 
result  would  be  a  tendency  to  twist  the  middle  part  of  the  ajlumn 
relative  to  the  ends.  When  the  twisting  moment  becomes  great 
enough  to  overcome  the  torsional  resistance  of  the* column  core,  it 
would  prrxluce  rotation  like  that  actually  observed. 

rhe  noteworthy  fact  is  that  all  the  light  section  Z-bar  columns, 
without  exception,  failed  by  twisting  after  passing  the  ultimate 
strength,  while  all  the  heavy  sections  Z-bar  columns  buckled  bodily 
by  flexure  without  twist. 

That  these  light  steel  Z-bar  columns  twisted  like  cork  screws 
under  excess  compression  whereas  the  light  Z-bar  columns  of  Mr. 
Strobel's  tests  did  not,  show  that  when  the  sections  are  light 
twisting  occurs  when  conjugate  radii  of  gyration  are  equal  and 
does  not  occur  when  the  radii  at  right  angles  are  very  unequal. 
The  simple  bending  of  the  heavy  section  in  contrast  to  the  twisting 
of  the  light  sections  justifies  the  analysis  previously  prop>osed. 

The  views  C  D  E  of  Fig.  1  exhibit  types  of  localized  buckling. 
How  much  influence  this  local  weakness  had  upon  the  ultimate 
strength  is  not  quantitatively  known  from  the  tabulated  results. 
The  fact  that  the  solid  specimen  fails  at  much  higher  values  than 
the  yield  point  and  the  built  up  or  unsymmetrical  solid  such  as  the 
/.     r  //|  rolled  sections  is  not  sufficient  proof  of  its  material  effect. 

Such  detail  buckling  as  exhibited  at  the  bases  of  A  and  E  in 
Fig.  I  would  be  eliminated  by  the  practical  shoeof  f  or  itsequivalent. 

TABLE  II  shows  that  notwithstanding  the  secondarv'  action 
of  the  lacing  the  laced  columns  with  the  shoe  developed  much 
greater  strength  than  the  box  column  without  a  substantial  base 
detail. 

The  failure  indicaieii  by  F  of  l)en(linK  in  a  plane  iwrallel  to  the 
lacing  instead  (if  parallel  to  the  web  indicates  that  for  equal  strength 
at  right  angles  with  fixed  ends  the  radius  of  gyration  should  be 
much  greater,  preferably  twice  as  great,  about  an  axis  parallel  to 
the  web  as  at  right  angles  thereto,  while  figures  .1  and  I)  indicate 
that  tie  plates  would  materially  strengthen  the  flanges  by  stiffening 
them  against  twisting. 
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TABULAR  RESULTS  OF  BUREAU  OF  STANDARD  TESTS 

Assembled  by  the  Engineering  News  Record. 


TABLE  I      TESTS  OF  SOLID-SECTION  COLUMNS;   198  TESTS  MADE  IN  CO-<DPERATION    WITH    A   COMMITTEE 
OF   THE    AMERICAN    SOCIETY    OF   CIVIL    ENGINEERS 


NOTE— The  sleDderneM-ratios  in  the  tables  are  abnormal,  aa  the  teati 
piD-end  values. 


;  made  with  truly  squared  ends.     Divide  the  tabular  dlendernesa-ratine  by  2  to  get  tlie 


Slender- 
Ratio 


Nominal 
Area  of 

Cross- 
Section, 

Sq.ln. 


,r 


Type  I,  Light 
Type  la.  Heavy 
Type  lb.    Eitra  Heavy  ) 

LIGHT.  frlS.  METAL 


Platp-and-angle 
I  plate  6  in.  wi< 


155  II  475 

HEAVY,  i-IN.  METAL 


155 


22  n 


(37.0001 
38.400 

(37.0001 
38.200 

(37.000J 
38.000 
32.400 
32.800 
33.000 
32.100 
31.400 
30.000 
28.600 
27.600 
28.700 
27.000 
25.600 
26.000 

[29.0001 
43.200 

(30,0001 
43.300 

(29.000) 
44.300 
29.000 
28.900 
29.700 
28,000 
28.200 
28.000 
25.000 
25.500 
25,800 
22,200 
25,200 
22,600 


EXTRA   HEAVY.   H   AND    i-IN     METAL 
28,200 
85  2)  61  27,000  27.700 

28.000 

Typp  2.      Liijht      I  Boi  section,    2  6-m    channels.  2 
Typo  2a,    Heavy   /    8-in   plates 
LIGHT.    lOi-LB    CHANNELS,    l-IN     PLATE 
33,100 
SO  10   18  34.000  33,900 

34,500 
33,700 
85  10  18  32.300  32.600 

51.700 
28.500 
120  10 '18  28.700  29.300 

50.900 
26.100 
155  10   18  27.800  26,500 

25.600 

HEAVY.    151-LB    CHANNELS.    t-IN.    PLATE 

12.200 
50        17  12       32,500       32.300 

52.500 

50.700 
(5  17   12  30.000  30,600 

51.000 

28.500 
120       17  12      28.800      28,100 

27,000 

24.700 
155       17  12      26,000      25,200 

25.000 

[  section.    2  5-tn.  cbannela.  2 


Nominal 

Slender-          Area  of  Ultimate 

ne»3                 Cross-  Strength, 

Ratio              Section,  Lb.  per 

1/r                    Sq  In  Sq.ln.                 Avei 

HEAVY,  Ili-LB.  CHANNELS,  1-IN.  PLATE 

29,800 

50  16   26  29.300  29,' 

29.500 
28.000 

85  16  26  28.000  28.1 

28.000 
28.000 
120  16  26  26.100  26.' 

26.600 

d-channr'l    section;     I    - 
earn,  2  8-m.  channels. 

LIGHT,  IS-LB.  I.  Ili-LB.  CHANNELS 
35,700 
50  12  03  36,500  36. 

58.600 
54,000 
85  12  03  33,900  34. 

34.000 
32.000 
120  12  03  30.700  31. 

33.100 
24.000 
155  12  03  23,200  23. 

23,500 

HEAVY.  20S-LB  I,  I8J-LB.  CHANNELS 

30. 300 
50  17  05  29.000  29, 

28.000 
26.000 
85  17  0)  26.400  26. 

27.500 
23.500 

l!0  17  05  23.900  23. 

24.200 
25,900 

155  17  05  23,000  23. 

23.000 

Type  5,  Light 
Type  5a.  Heavy 
Tj-pe  5b.   Eitra  Heavy 

LIGHT,    52-LB     H 


LIGHT.    61-LB    CHANNELS.    j-IN 
33.800 
50  8  65 


'  Test  values  for  blende 


54. 500 
54. 500 
32.500 
51.800 
5 1.000 
11,600 
50,200 
30,000 

ratio  20  (o 


HEAVY.  6^LB  H 


(39.000) 
39.600 

[40.000] 
4I.O00 

[40.000] 
4I.OO0 
38.000 
38.000 
58.000 
56.000 
34.000 

•ss.ooo 

31,000 
33,900 
31,000 


[35,000] 
35.600 

(37,000) 
37.800 

[56.000) 
36.700 
54.000 
36.100 
36.000 
33.900 
32.000 
31,000 
50.000 
50.000 
30.000 


[39.6001* 
40.500 


Nominal 

Area  .jf  Ultimate 

Cros.s-  Strength. 

Section,  Lb,  per 

Sq  In  Sq.ln. 

24,800 

26  64  22.500 

23.000 

21.800 

26  64  21.000 

21.000 


LIGHT,  25-LB    I.  f,-lS    PLATES 

31.200 

50  14  25  51.500 

52.200 

27.800 

85  14   25  29.500 

50.100 

26.700 

120  14   25  27.700 

27,300 

HEAVY.  35-LB   I.  i-IN   I'LATES 

31.200 

50  24  04  32.800 

52.400 

27.200 

85  24  04  26.800 

26.400 

24.900 

129  24  04  24.000 

25.J00 


34.500 
52.700 
35.200 
54.000 
30.000 
50700 
28.500 
26,900 
i'f.OOO 


Average 
23.400 


Type  8.      Light       1  Z-bar  colum 
Type  8a,   Heavy     I     7-in   plate 

LIGHT.  l-IN     METALtt 


4  4-in    Z-bar..  1 


HEAVY,  i-IN    .METAL 
50  26  38 


5  5,900 

55,100  35.700 

56,200 

51,400 

52,900  32.800 

54.000 

29.100 

29.400  29.700 

50.400 

55.000 

55.500  32.900 

52.200 

31.300 
58  25.  Boot  29,400 

31.500 

27.500 
58       27.000      27.300 

27.500 

I  Built-up  box  section;    4  angle* 
I    2«2-in  ,  2  plates  9-in. 


LIGHT.  t-IN    METAL 
50  10  89 


EXTRA  HEAVY    9|.LB.  H 


(25.000) 
54.800 

[26.000] 
56.600 

125.000) 
54.500 
27.100 
24.000 
24.600 


the  heavy  and  eitlra-heavy  sections     Tht  yield-point  valu 
»e  ultiniati.  strcn^hs  of  the  longer  columns 


36.100 

35,700  35.100 

35.600 

32.500 

31,900  32,100 

51,900 

28.400  „ 

28.300  28.400 

28.400 

51,400  „ 

32,000  81.800 

32.100 
28.000 

28.000  28.300 

29.000 

27.000  „ 

25.900  26.300 

26.000 

The  ultimate  strengths  include  the  effect  of  plastic  squeering  i 
1;  they  are  the  values  of  basal  column  strength,  for  comparison  »it 


[25. 300]  • 
55.300 


HEAVY.  A-IN    METAL 
50  18  71 


t  Noeiplsnstion  lot  this 
♦1  Th-  light  Z-bar  coluir 


ahnornial  figure  was  ,lij, 
n«  filled  by  twisting  (A  i 


iverable 
Ftl   4) .  but  1 


strenat.h.reduclng  eAect  of  this  action  la  not  detectable  in  the  results 
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TABULAR  RESULTS  OF  BUREAU  OF  STANDARDS  TESTS 
Assembled  by  the  Engineering  News  Record. 
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58  REMARKS 

For  application  of  these  strength  values  to  pin  ends  the  lengths 
or  slenderness  ratios  should  be  taken  at  substantially  six  tenths 
and  these  tests  therefore  fail  in  that  the  range  thru  slenderness 
ratios  was  too  limited. 

It  has  long  been  recognized  that  the  elastic  compressive  strength 
of  the  short  column  of  built  up  sections  is  limited  by  the  compression 
yield  point  of  the  metal  and  the  tests  just  discussed  are  confirmatory. 

Since  different  lots  of  steel  accepted  as  meeting  the  same  required 
tensile  strength  and  tensile  yield  point  are  shown  by  these  tests  to 
differ  widely  in  compresive  yield  points  developed  they  demonstrate 
that  columns  supposedly  alike  may  differ  widely  in  strength. 

How  this  unsatisfactory  condition  may  be  remedied  and  metal 
of  high  compressive  quality  may  be  obtained  from  the  mills  under 
commercial  conditions  is  a  matter  involving  a  discussion  of  alloy 
treatment  in  the  process  of  manufacture.  * 


S9 


CHAPTKR  XIX 

I'HNSICAL  PROPERTIES  OF  STEEL  DEPENDENT   UPON  FURNACE 

PRACTICE  TEMPERATURE  OF  ROLLING  AND  CONSIDER- 

ATIONS  DETERMINING  ECONOMIC  GRAuE  OR 

QUALITY 

1.  Alloy  Treatment  in  Smelting  Structural  Steel  may  be 
defined  as  the  means  taken  to  lessen  the  oxygen  and  oxide  content 
of  a  melt  to  or  below  an  allowable  minimum  and  secure  sound 
inpot«  reasonably  free  from  gas  jxxrkets  or  blowholes  and  low  in  the 
<'  IS  impurities  of  phosphorus  and  sulphur. 

Certain  elements  having  stronger  affinity  for  oxygen  at  steel 
melting  temperatures  are  added  to  the  molten  metal.  The  oxygen 
leaves  the  iron  to  combine  with  such  added  elements  forming  new 
products  insoluble  in  the  iron  which  are  precipitated  and  leave  the 
metal.  Further,  there  is  a  tendency  for  certain  impurities  to  collect 
or  segregate  in  an  injurious  way  in  the  upper  central  part  of  an  ingot 
or  casting  but  the  addition  of  certain  elements  lessen-  tfii<  tendency. 

Thus  the  early  pnxluct  of  the  Bessemer  converter  was  largely 
unfit  for  use  as  the  metal  poured  from  it  was  full  of  blowholes.  By 
adding  molten  spiegeleisen  containing  twenty  percent  of  manganese 
fairly  sound  setting  steel  was  produced.  (See  Section  I.)  To  insure 
certainty  of  the  desired  results  some  excess  of  manganese  over  and 
above  the  minimum  required  as  a  curative  of  these  difficulties- is 
added  in  Ofien  Hearth  practice  as  well  as  Bessemer.  This  excess 
var>'ing  from  twenty  to  one  hundred  points  (i.e.,  hundredths  of  a 
percent)  df)es  not  greatly  aflfect  the  physical  qualiti*-  <<i  the  softer 
grades  of  steel  as  indicated  by  ordinar>'  methtxls  of  testing.  It 
tends  to  increase  the  tensile  strength  an  amount  increasing  with 
the  carbon  content.  It  apparently  enables  the  specimen  better  to 
withstand  a  cold  bend  test;  Bl  T  IF  A  REVERSE  BEND  is  super- 
poeed  upon  the  positive  the  effect  of  higher  manganese  in  retlucing 
the  dependability  of  the  material  under  compre8si<Mi  is  manifest. 
TTie  tensile  and  a^mpressive  resistance  of  simple  carbon  steels  are 
approximately  in  balance.  Manganese  increases  the  tensile 
elongation  and  reduces  the  elastic  compressibility  of  the  material 
to  sudi  a  marked  extent  that  a  fracture  in  a  bend  test  with  high 
manganese  content  starts  not  on  the  tensile  .side  of  the  specimen  as 
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in  carbon  steel  low  in  manganese  but  on  the  compression  side  of 
the  specimen. 

In  cold  bending  with  a  hammer  the  specimen  is  seemingly  tough 
as  long  as  the  hammering  bends  it  the  same  way  but  a  light  blow 
in  the  reverse  direction  may  snap  the  specimen  as  though  it  were 
glass. 

To  one  conversant  with  these  characteristics  of  excess  manganese 
the  deficiency  of  the  Standard  Specifications  of  the  American  Society 
of  Testing  Materials  for  steel  for  bridges,  ships,  cars  and  buildings 
is  surprising.  A  quantitative  (ladle)  analysis  for  manganese  is 
required  but  no  limit  whatever  is  stated  or  placed  upon  the  quantity 
of  this  element  that  may  be  present  as  an  undigested  curative  in 
the  finished  product. 

Because  manganese  plays  such  an  important  part  in  the  Bessemer 
practice  and  the  process  is  so  rapid  that  it  is  not  under  as  godd 
control  as  is  the  Open  Hearth  excess  manganese  is  more  often  found 
in  the  Bessemer  steel.  Concerning  the  unreliability  of  Bessemer 
steel,  A.  E.  Hunt,  Journal  of  the  Iron  and  Steel  Institute,  Vol.  II, 
1890,  wrote  as  follows :  "Various  cases  have  come  under  our  observa- 
tion of  angles  and  plates  which  broke  off  short  in  the  punching  but 
altho  makers  of  Bessemer  claim  that  this  is  just  as  likely  to  occur  in 
Open  Hearth  we  have  as  yet  never  seen  an  instance  of  failure  of  this 
kind  in  Open  Hearth  steel" 

The  use  of  good  stock  determines  to  a  great  extent  the  uniform 
nature  of  the  product.  But  it  does  not  influence  the  solidity  of 
the  ingot  castings.  This  depends  on  the  composition  of  the  slag  and 
metal  before  tapping  and  on  the  quantity  and  nature  of  the  recarbon- 
izing  additions. 

Campbell  compares  the  eflficiency  of  the  elements  of  manganese, 
silicon  and  aluminum  in  producing  soundness  on  the  basis  of  their 
power  to  unite  with  oxygen,  the  action  being  as  follows: 

3.44  parts  of  manganese  unite  with  one  part  of  oxygen. 
3.44  parts  of  aluminum  unite  with  3.01  parts  of  oxygen. 
3.44  parts  of  silicon  unite  with  3.93  parts  of  oxygen. 

Hence  aluminum  is  three  times  and  silicon  four  times  as  efficient 
as  manganese  weight  for  weight,  while  they  possess  an  additional 
value  because  of  their  greater  affinity  for  oxygen  enabling  them  to 
sieze  the  last  traces  from  the  iron  and  render  the  melt  so  much  the 
cleaner. 
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Added  to  greater  alilinity  for  oxygen  aluminum  and  silicon 
poasesB  a  greater  capacity  to  dissolve  or  occlude  gases  which  as  far 
as  the  soundness  is  concerned  is  equivalent  to  destroying  them. 

Aluminum  excess  should  preferably  not  exceed  ten  points. 
Silicon  increases  the  toughness,  the  a)mpres8ive  yield  point  and  the 
tensile  strength  and  for  a  nnxlerate  excess  .40  to  .50,  does  not  render 
rolling  more  difficult. 

Reduction  of  harmful  amount  of  oxygen  and  oxides  in  the  melt 
l)efore  pouring  the  ingot  involves  improvement  in  quality  other 
than  a  soundness  or  solidity  of  the  ingot.  Rolling  and  working  the 
metal  improves  the  finished  product  by  welding  more  or  less  perfectly 
the  surfaces  of  small  pockets  and  reducing  their  cross  sections  but 
such  working  cannot  rectify  the  quality  of  metal  containing  a  high 
oxide  content. 

A  practical  grasp  of  this  phase  of  the  problem  may  best  be 
acquired  by  the  student  by  over  heating  sample  bars  of  steel  in  the 
forge — burning  them  as  the  smith  would  call  it;  then  subjecting  the 
specimen  to  the  usual  cold  bend  and  tensile  tests  and  comparing  the 
results  with  that  secured  in  tests  of  undamaged  metal. 

The  rejection  of  a  carload  of  U-shaped  coupler  pockets  some  years 
ago  by  the  master  mechanic  of  a  railroad  company  resulted  in  the 
request  to  inspect  and  report  upon  them  for  the  manufacturer. 
Placing  several  upon  the  ground  the  writer  struck  the  first  one  a 
sharp  blow  with  a  heavy  sledge  knocking  the  bottom  out  of  the 
('  and  fracturing  eleven  square  inches  of  steel  at  a  single  blow  in 
so  doing.  The  others  were  all  broken  in  a  similar  manner  requiring 
a  second  and  in  a  few  cases  a  third  blow.  The  metal  of  the  shank 
was  found  g<x)d  standing  a  cold  bend  test  of  180  degrees  to  half  the 
thickness  of  the  stock.  Defective  shop  work,  metal  burned  in 
forging  the  bend  was  the  finding  and  substance  of  the  report.  The 
deficiency  of  burned  (oxidized)  metal  lx)th  in  strength  and  resistance 
to  shock  is  of  like  character  whether  acquired  in  the  Bessemer 
converter,  the  open  hearth  furnace  or  the  forge. 

2.    Influence  of  Silicon  on  Medium  and  Hi^  Carbon  Steel 

was  regardwl  as  injurious  in  early  Bessemer  practice.  Unless  specially 
added  silicon  rarely  exceeds  ten  points  in  carefully  manufactured 
niild  steel.  Its  occasional  presence  in  much  larger  proportion  in 
Bessemer  steels  indicates*  that  the  steel  was  cast  at  too  high  a 

MUrbard  and  Hall.  Mrtatlurgy  ol  Stfcl.  p«««  JM-9. 
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temperature  reached  so  rapidly  that  the  carbon  was  oxidized  before 
the  siUcon.  The  unreUability  of  this  metal  has  been  credited  to  the 
siUcon  instead  of  to  careless  manipulation  in  manufacture. 

For  the  severe  service  of  locomotive  tires  twenty  to  forty  points 
silicon  in  open  hearth  steel  with  fifty  to  sixty  of  carbon  has  been 
found  to  give  most  satisfactory  results. 

C.  P.  Sandberg  finds  the  wearing  qualities  of  steel  rails  greatly 
improved  by  the  presence  of  .35  silicon.  Campbell  quotes  the  state- 
ment of  a  French  steel  master  that  he  could  only  meet  the  require- 
ments of  a  particularly  severe  specification  by  making  rails  containing 
.30  to  .40  percent  of  silicon  since  a  less  proportion  would  not  stand 
the  drop  tests.    Quoting  further: 

"Tool  steel  is  subject  to  the  most  severe  of  all  tests  in  the  exposure 
of  a  hardened  edge  to  the  blows  of  a  hammer  or  shocks  of  a  planer.  It  was 
not  the  laboratory  but  the  requirements  of  general  practice  from  which 
was  unconsciously  evolved  the  formula  for  such  metal,  requiring  low  » 
phosphorus,  low  sulphur  and  low  manganese.  In  this  process  of  natural 
selection  ....  a  large  part  of  the  best  steel  has  regularly 
contained  year  after  year  .20  to  .80  percent  of  this  element." 

The  writer  has  found  that  basic  open  hearth  steel,  low  in  man- 
ganese, phosphorus  and  sulphur,  having  an  ultimate  strength  of 
from  115,000  to.  120,000  lbs.  per  square  inch  with  .30  to  .40  silicon 
in  deformed  rounds  would  bend  cold  180°  and  back  about  a  pin  four 
diameters  for  three  quarter  bars  and  three  diameters  for  half  inch 
bars  without  sign  of  fracture  while  steel  of  equal  strength,  of  lower 
carbon  but  with  .60  to  .80  manganese  will  stand  little  reverse  bending 
after  bending  100  degrees  in  one  direction. 

Silicon  increases  the  tensile  strength  of  the  steel  about  200  lbs. 
per  point,  raises  the  elastic  limit  a  moderate  amount  and  increases 
its  toughness.  With  silicon  .20  to  .24  percent  and  carbon  .16  to  .18 
heating  to  a  welding  heat  and  quenching  in  cold  water  in  tests  by 
Hadfield  produced  little  hardening  such  as  occurs  in  carbon  steel 
and  no  material  reduction  in  ductility. 

Increase  of  elastic  limit  and  toughness  caused  by  .20  to  .40 
silicon  with  .40  to  .50  carbon  may  apparently  be  attributed  to 
rendering  the  metal  less  sensitive  to  the  surface  quenching  of  the 
water  necessary  to  cool  the  rolls,  thereby  maintaining  a  more  uniform 
structure  in  the  steel  in  lieu  of  a  very  hard  exterior  and  a  softer 
interior  of  the  purer  carbon  steel  and  its  resultant  non-uniformity  of 
resistance. 

3.     Piping  is  produced  by  the  shrinkage  of  the  metal  in  cooling. 
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The  bottom  and  sdes  of  the  ingot  cool  first  and  as  the  metal  con- 
tracts at  the  liase  it  settles  from  the  more  fluid  top  forming  a  conical 
cavity  or  pipe.  Although  the  addition  of  aluminum  and  silicon 
render  the  steel  sound  they  increase  the  amount  of  pipe  and  the 
percent  of  discard  or  length  sheared  off  necessar>'  to  secure  solid 
billets. ^--■' 

Sir  Robert  Hadfield,  Iron  and  Steel  Institt||j  Journal  1912 
describes  a  method  of  producing  ingots  free  from  pipe  giving  satis- 
factory results  in  his  own  works.  It  consists  of  a  feeding  head  the 
sides  of  which  are  ranuned  up  with  sand  placed  on  top  of  the  ingot 
mold.  The  ingot  is  poured  and  the  head  filled  to  within  four  inches 
of  the  top  and  a  1 V2  inch  layer  of  ground  cupola  slag  is  placed  on 
the  top  of  the  molten  metal  covered  by  a  layer  of  charcoal  which  is 
kept  at  a  high  heat  by  a  blast  of  air.  The  slag  by  fusion  forms  a 
neutral  layer  preventing  loss  of  heat  by  radiation  and  absorption 
of  the  carbon  of  the  charcoal  by  the  steel.  The  heat  developed  by 
the  combustion  of  the  charcoal  maintains  the  top  surface  of  the  steel 
in  such  fiuid  condition  during  the  cooling  of  the  base  of  the  ingot 
that  the  pipe  or  cavity  that  would  otherwise  form  is  kept  filled  with 
molten  metal  in  the  ingot  proper  thus  confining  the  cavity  to  the 
feeding  head  only. 

4.  Segre^tion  is  the  term  applied  to  the  concentration  of 
impurities  in  the  cooling  of  large  ingots.  These  impurities  such  as 
phosphides,  sulphides,  carbides,  etc.,  dissolved  in  the  iron  differ 
from  iron  in  that  their  temperature  of  solidification  is  much  lower 
than  that  of  iron.  Having  a  lower  point  of  solidification  than  iron 
they  tend  to  separate  from  it  as  the  outer  surface  of  the  ingot  hardens 
concentrating  toward  the  more  fluid  portion,  i.e.,  the  center  as  the 
ingot  cools  from  the  outside.  Being  lighter  than  iron  they  tend  to 
rise  toward  the  top  enabling  their  removal  by  shearing  off  and  dis- 
carding the  top  portion. 

The  amount  of  this  discard  was  arbitrarily  fixed  at  thirty  percent 
in  the  specification  for  shell  steel  in  the  World  War,  but  in  steel  for 
railroad  bridges  its  amount  is  left  solely  to  the  tonnage  or  quality 
proclivities  of  the  rolling  mill  superintendent  in  our  A.S.T.M.  and 
A.R.E-.A.  specifications. 

5.  Ladle  and  Check  Analyses;  are  provided  for  under  the 
alK)\e  siHH-ifications.  The  ladel  analysis  discloses  the  average 
chemical  make  up  of  the  melt  at  the  time  of  pouring  the  ingot  in 
points  of  carlxin.  manganese,  sulphur  and  phosphorus  and  silicon 
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(when  specified).  The  specified  check  analysis  in  general  provides 
that  analysis  of  the  finished  steel  shall  not  exceed  the  tolerance  for 
phosphorus  and  sulphur  of  the  ladle  analysis  by  more  than  25  per- 
cent. To  find  that  portion  of  the  finished  product  rolled  from  the 
central  top  portion  of  the  ingot  containing  the  greatest  segregation 
is  the  question  upon  which  the  effective  utility  of  this  limitation 
depends.  If  the  sample  be  required  to  be  taken  from  the  central 
top  of  the  ingot  along  the  plane  of  discard  its  utility  would  be  un- 
questioned as  a  limit  of  tolerance  of  segregation. 

In  the  Journal  of  Iron  and  Steel  Institute  1905,  page  204  analyses 
are  given  by  Talbot  of  ingots  of  acid  and  basic  open  hearth  steel 
with  and  without  the  addition  of  four  ounces  of  aluminum  from  which 
the  following  table  is  copied.  The  borings  were  taken  from  the  top 
to  the  bottom  at  six  inch  intervals,  the  ingots  measuring  18  inches 
by  twenty  two  by  sixty  seven  inches.  The  average  of  all  drillings 
for  the  ingot  without  aluminum  was  S.  .059,  P.  .055,  C.  .41  and  th© 
average  from  the  ingot  to  which  aluminum  had  been  added  was 
S.  .060,  P.  .052,  C.  .39.  Without  aluminum  excessive  segregation 
appears  down  the  central  portion  for  half  its  height ;  sulphur  segrega- 
ting most,  phosphorus  next,  then  carbon. 

ANALYSIS  TAKEN  FROM  CENTER  AND  OUTSIDE  OF  TWO  INGOTS, 
FROM  TOP  TO  BOTTOM  AT  DISTANCES  OF  6  INCHES  APART 


Without  Aluminum 

With  Aluminum 
4  oz.  per  ton 

No. 

Center 

Outside 

Center 

Outside 

Sul- 
phur 

Phos- 
phor- 
us 

Car- 
bon 

Sul- 
phur- 

Phos- 
phor- 
us 

Car-    Sul- 
bon    phur 

Phos- 

phos- 

us 

Car- 
bon 

Sul- 
phur 

Phos- 
phor- 
us 

Car- 
bon 

Top 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Btm. 

.053 
.049 
.267 
.141 
.097 
.081 
.056 
.056 
.043 
.048 
.047 
.051 

.051 
.052 
.197 
.109 
.083 
.065 
.061 
.053 
.045 
.047 
.045 
.050 

.41 
.39 
.95 
.59 

.47 
.46 
.46 
.38 
.35 
.35 
.34 
.39 

.035 
.031 
.018 
.027 
.034 
.036 
.040 
.041 
.039 
.044 
.048 
.053 

.047 
.034 
.030 
.036 
.040 
.046 
.048 
.046 
.044 
.046 
.048 
.054 

.33 
.32 
.31 
.32 
.35 
.37 
.38 
.38 
.36 
.38 
.41 
.43 

.038 
.042 
.078 
.086 
.081 
.059 
.067 
.057 
.053 
.056 
.057 
.056 

.035 
.040 
.061 
.063 
.049 
.054 
.052 
.049 
.049 
.050 
.047 
.049 

.32 

.35 
.48 
.43 
.34 
.38 
.38 
.36 
.36 
.36 
.37 
.38 

.067 
.066 
.065 
.066 
.068 
.066 
.064 
.058 
.058 
.056 
.060 
.065 

.054 
.057 
.056 
.055 
.067 
.058 
.057 
.052 
.056 
.056 
.053 
.054 

.39 
.39 
.39 
.40 
.41 
.42 
.41 
.41 
.40 
.38 
.38 
.39 

The  uniformity  of  the  distribution  of  sulphur  carbon  and  phos- 
phorus effected  by  the  small  amount  of  aluminum  is  remarkable  in 
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view  of  the  wide  variation  in  the  untreated  ingot.  The  high  carbon, 
sulphur  and  phosphorus  content  in  the  third  driUing  exceeding  a 
reasonable  tolerance  for  sulphur  and  phosphorus  by  four  hundred 
percent  indicates  undesirable  physical  properties  and  lack  of  depend- 
ability  such  as  some  years  ago  the  writer  found  in  some  6X6X5^ 
angles  for  the  shoe  of  a  railroad  bridge.  A  sharp  blow  of  an  ordinary 
machinists  hammer  was  all  that  was  requisite  to  break  a  chunk  out 
of  the  three  tjuarter  inch  thick  leg.  * 

6.  Rising  Steel  i>  the  term  applied  by  the  steel  master  to 
mild  steel  poured  into  the  ingot  mould  while  still  Ujiling  instead  of 
"killing"  or  quieting  the  melt  by  alloy  treatment.  Segregation  and 
pipe  are  reduced  by  this  proceedure  but  the  resulting  ingot  is  spongy 
and  dependence  is  placed  upon  the  weldability  of  mild  steel  during 
rolling  to  remedy  the  defect  of  unsoundness  of  the  ingot. 

For  the  tension  member  flattening  out  of  the  gas  pockets  and 
welding  their  sides  more  or  less  imperfectly  is  not  so  objectionable 
since  the  pull  tends  to  press  the  welded  surfaces  together;  conversely 
when  the  metal  is  opposing  resistance  to  compression  these  surfaces 
are  subjected  to  a  strain  tending  to  pull  them  apart  and  the  reduced 
resistance  of  the  metal  compared  to  wrought  iron  seems  otherwise 
unaccountable. 

By  the  foregoing  practice  an  increased  tonnage  output  of  six 
to  eight  percent  is  attained  permitting  a  reduced  cost  to  the  purchaser 
of  perhaps  two  percent.  Viewed  from  the  economic  standpoint, 
this  is  saving  the  dime  at  a  cost  of  the  dollar  when  the  structural 
steel  of  today  fails  to  develop  the  strength  of  the  wrought  iron  of 
thirty  years  ago  in  tests  of  full  sized  compression  members. 

The  "bushel"  steel  bar  of  the  faggot  mill  bends  beautifully  but 
with  lead-like  resistance  because  of  the  imperfect  longitudinal 
welding  of  its  filaments  therein  differing  from  real  steel.  A  dynamo- 
meter attached  to  the  bending  machine  in  making  the  bend  test 
would  bring  this  divergence  of  resistance  out  in  a  striking  manner 
and  the  same  would  be  true  if  applied  to  bars  rolled  from  the  rising 
steel  ingot  when  contrasted  with  those  produce*]  frotu  the  sound 
ingot.  The  reverse  bend  test  would  tend  to  bring  out  its  relative 
lack  of  resistance  to  compression.  .As  the  size  of  the  ingot  increases 
the  segregation  and  pipe  increase  and  it  may  be  questioned  if  in 
doing  things  in  a  big  way  our  mills  have  not  carried  the  size  of  ingots 
to  excess  at  the  expense  of  quality  of  product. 

7.  Critical  Temperatures:  On  heating  up  a  piece  of  steel  and 
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allowing  it  to  slowly  cool  there  are  certain  points  at  which  instead 
of  the  cooling  proceeding  normally,  heat  is  evolved.  These  points 
are  known  as  the  critical  points  of  which  a  complete  record  is  now 
available  ranging  from  the  softest  iron  to  the  hardest  steel.  On 
heating  the  sample  the  reverse  phenomena  to  those  observed  during 
the  cooling  occur.  As  might  be  expected  the  time  element  enters 
into  the  phenomena. 

For  physical  equilibrium  the  critical  points  of  heating  and  cooling 
should  be  the  same  but  because  the  heating  and  cooling  of  the 
outside  of  the  specimen  differs  from  the  condition  on  the  interior 
the  apparent  temperatures  of  the  critical  points  during  heating  and 
cooling  differ.  Those  observed  during  heating  up  are  designated  Ac, 
while  those  observed  during  cooling  are  designated  as  Ar.  In  order 
to  induce  the  retardation  Ar  or  rather  the  change  that  such  retarda- 
tion implies  the  steel  must  first  be  heated  past  the  point  Ac  and 
reciprocally  the  change  which  occurs  at  Ac  cannot  take  place  unless 
the  steel  has  first  cooled  to  a  point  below  Ar.  In  pure  iron  there  are 
two  critical  points  during  the  cooling  Ar2  and  Avj  while  in  low  carbon 
steels  there  are  at  least  three  well  recognized  critical  points  Ar^, 
Ar2  and  Ar^. 

Harbord  and  Hall  give  the  approximate  temperatures  at  which 
the  maximum  heat  evolution  takes  place  during  the  cooling  of  steel 
of  various  carbon  content  at  the  critical  stages  as  follows: 

x\rjjjQ.  ■^r3.  Pvci.  r\rj . 

Pure  Iron 900  762 

0.12  percent  C 850  762  715 

0.24  percent  C ^20  762^  715 

0.53  percent  C 730^  715 

0.89  percent  C TlT 

1.31  percent  C 883  715 

Atx  of  the  table  depends  on  the  carbon  present  and  it  does  not 
appear  in  pure  iron.  The  condition  of  thee  arbon  above  Ar^  is  in 
the  state  of  hardening  carbon  while  below  this  point  it  is  in  the 
state  of  cement  carbon  or  carbon  which  is  combined  with  iron  in 
the  form  of  definite  carbide,  Fe^C. 

Interesting  but*  divergent  theories  are  presented  by  metallurgists 
to  account  for  the  change  in  structure  which  occurs  at  these  critical 
temperatures.  Thus  we  have  the  old  theory  in  which  carbon  is 
considered  to  be  dissolved  in  the  molten  iron  and  the  variation  in 
the  micro  structure  of  the  steel  arises  in  a  manner  analogous  to 
crystallization  in  solidifying  solutions. 

♦Metallurgy  of  Steel,  Harbord  and  Hall,  Physico  Chemical  properties  of  Steel  by 
Edwards,  etc. 
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The  "AUotropic"  theory  is  explained  by  Austen  as  a  change  of 
internal  energ>'  occuring  in  an  element  at  a  critical  temperature  not 
necessarily  accompanied  by  a  change  of  state.  Under  this  theory 
Osmond  considers  that  hardened  steel  owes  its  properties  to  the 
presence  of  "Beta"  iron  which  is  hard  and  brittle  by  itself  at  ordinary 
temperature.  Iron  below  the  point  Ar2  possessing  the  molecular 
form  "Alpha"  or  soft  form  but  above  the  critical  point  the  alotropic 
form  or  Beta  iron  exists.  Carbon  maintains  iron  in  the  Beta  Con- 
dition during  slow  cooling  in  inverse  projx)rti<)ii  to  the  amount  «>f 
carbon  in  the  metal. 

The  carbon  and  subcarbide  theory  maintains  that  the  phenomena 
obeer\'ed  in  the  hardening  of  steel  is  e.\plained  by  changes  in  the 
ccmdition  of  the  carbon.  That  carbon  can  exist  in  two  states  in  steel ; 
first  as  hardening  carbon  at  a  temperature  above  the  critical  points 
which  when  the  cooling  takes  place  rapidly,  as  by  quenching,  is 
retained  in  the  same  state.  Slow  cooling  on  the  other  hand  from  above 
the  critical  points  causes  the  hardening  carbon  to  pass  into  the  form 
known  as  cement  carbon,  and  combined  with  the  iron  to  form  the 
carbide  Fe^C. 

Stress  Theories  have  been  advanced  to  account  for  harden- 
ing on  the  ground  of  a  severely  strained  condition  resulting  from  the 
shrinkage  of  the  outer  layer  during  quenching  with  pronounced 
cr>'stal  twinning. 

This  field  of  theoretical  investigation  and  speculation  appeals 
to  the  engineer  only  as  it  is  related  to  the  physical  properties  of 
the  material  which  he  is  using.  He  learns  by  experience  that  under 
cold  working  the  yield  point  of  iron  or  soft  steel  is  raised,  that  its 
ductility  lessens,  its  density  is  slightly  decreased,  it  rusts  more 
readily,  becomes  less  resiliant  and  harder  in  the  sense  that  it  requires 
a  greater  pressure  to  produce  flow,  and  that  its  position  in  the  thermo> 
electric  series  changes  along  different  axes. 

As  ordinary  iron  or  soft  steel  is  given  a  set  by  cold  working, 
the  displacement  of  the  material  is  accompanied  by  the  evolution  of 
heat.  Conversely  when  the  effect  of  this  displacement  or  internal 
strain  is  relieved  by  heating  when  it  arrives  at  that  critical  tem- 
perature where  the  change  takes  place  rapidly  an  al)sorption  of 
heat  fXTCurs.  In  other  words,  the  effect  of  over  strain  may  in  a  large 
measure  \ie  eliminateti  by  heating  above  the  lower  critical  temperature 
and  allowing  the  metal  to  cool  slowly  since  the  energy  expended  in 
performing  the  work  on  the  metal  is  restored  to  it  by  the  al>sorption 
of  energ>'  at  the  critical  temperature  in  heating. 
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The  texture  or  grain  becomes  coarse  if  it  is  heated  far  above 
A2  and  below  A3  and  slowly  cooled  unless  the  metal  is  subjected 
to  the  mechanical  work  of  hammering  or  rolling.  In  like  manner 
the  fineness  of  the  structure  or  grain  of  the  metal  is  a  maximum 
when  this  work  is  continued  down  to  just  above  the  lower  critical 
point. 

It  is  found  in  respect  to  rails  that  where  the  last  pass  is  held  back 
until  the  temperature  has  fallen  to  between  1600  and  1500°  Fahr., 
instead  of  finishing  them  at  or  about  1800°  that  a  much  finer  grain 
steel  is  the  result  which  wears  well  and  gives  the  best  service.  Bars 
which  are  finished  at  the  lower  temperature  are  stronger  and  stand 
a  more  severe  bend  test  than  those  which  are  finished  at  higher  heat. 

Under  present  mill  practice  of  paying  for  rolling  by  the  ton,  the 
color  (temperature)  of  the  metal  at  the  final  pass  of  the  rolls  is  given 
scant  consideration  and  the  uniform  quality  of  the  product  suffers 
accordingly.  The  wide  gap  in  relative  bending  resistance  of  the 
thick  and  thin  specimen  would  in  a  large  measure  disappear  were 
there  coupled  with  the  tonnage  price  a  bonus  for  uniformity  and  a 
penalty  for  non-uniformity  of  the  output.  Then  the  color  of  the 
metal  would  be  given  consideration  in  connection  with  the  tonnage 
output  with  an  improvement  in  the  quality  four  times  the  differential 
which  would  satisfy  the  mill  men  for  exercising  the  care  necessary 
to  produce  the  desired  result. 

The  spoken  appreciation  of  quality  (provided  the  manufacturer 
can  deliver  it  at  the  lowest  pound  price  on  the  commercial  market) 
is  an  ineffective  consideration,  non-productive  of  economic  results 
as  illustrated  by  the  continued  manufacture  of  structural  steel 
inferior  for  compression  members  to  the  wrought  iron  of  years  ago 

The  move  on  the  part  of  structural  steel  fabricators  to  increase 
the  present  working  stresses  permissible  under  building  code  rules 
for  structural  steel  is  warranted  only  to  the  extent  that  it  is  accom- 
panied by  improvement  in  product,  under  specifications  designed  to 
secure  steel  possessing  higher  resistance  rather  than  that  which  can 
be  produced  at  the  lowest  unit  pound  price. 

The  civil  engineer  has  lagged  far  behind  the  mechanical  engineer 
in  taking  advantage  of  the  increased  knowledge  and  facilities  for 
the  production  of  high  grade  steel.  The  automotive  engineer  is 
securing  great  increase  in  strength  and  toughness  with  reduced  weight 
and  cost  to  the  user  and  the  civil  engineer  may  profit  by  his  example. 

8.     Alloy  Steels  are  distinguished  from  alloy  treated  steel  by 
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the  presence  of  the  alloying  element  in  sufficient  quantity  to  radically 
change  the  properties  of  the  simple  steel  increasing  the  elastic  strength 
or  hardness  and  toughness  of  the  metal  many  fold  thereby  advanta- 
geously fitting  it  for  special  service  when  properly  heat  treated. 

Alloy  steels,  like  the  simple  steel,  are  made  in  acid  or  Basic, 
Open  Hearth  furnaces,  in  the  electric  furnace  or  by  the  crucible 
process.  The  most  inexpensive  method  l^eing  emptoyed  that  yields 
a  product  satisfactory  for  the  purpose  in  view. 

As  used  in  automobiles,  alloy  steels  are  considered  with  respect 
to  their  increased  strength  economically  advantageous  only  when 
heat  treated.  Ordinar>'  nickel  steel  having  an  analysis  of  C.25, 
Mn.  60,  .Vi.  3.5  untreated  will  have  an  ultimate  strength  approxi- 
mately 95,000  pounds  per  square  inch,  elastic  limit  of  55,000  Il)s. 
and  an  elongation  of  20  j^ercenl  in  eight  inches;  but  when  quenched 
in  water  at  800  ('.  with  hardness  drawn  in  air  at  316  (',  the  tensile 
strength  runs  over  200,000  lbs.  per  square  inch  and  the  elastic  limit 
around  170.000  pounds  per  square  inch  or  if  the  hardness'were  drawn 
in  air  ar  538°  C  a  tensile  strength  of  approximately  140,000  pounds 
per  square  inch  and  an  elastic  limit  of  120,000  lbs.  per  square  inch 
might  l>e  expected  with  elongation  equal  to  that  of  the  untreated 
specimen. 

Thus  the  same  steel  may  be  given  a  wide  range  of  properties 
and  any  desired  set  of  properties  within  this  range  may  be  obtained 
solely  by  varying  the  heat  treatment.  The  principal  variant  is  the 
degree  of  the  second  heating.  The  lower  this  is  the  stronger  and 
stiflfer  the  steel  and  the  higher  the  weaker  and  more  ductile  it  becomes. 

Successful  heat  treatment  requires  uniform  heating  and  uniform 
cooling  and  quenching  and  after  quenching  the  piece  be  made  true 
to  form  as  quenching,  tho  carefully  done,  tends  to  leave  the  piece 
treated  warped  or  twisted.  The  simplest  solid  or  relatively  thick 
forms  are  those  most  readily  treated  such  as  thick  armor  plate  in 
contradistinction  to  the  thin  structural  plates,  etc.  The  trouble  in 
straightening  the  plate  or  shape  after  heat  treatment  lies  in  the 
springiness  of  the  metal  after  treatment  rendering  it  difficult  to  give 
it  that  precise  set  necessary  to  counteract  the  l)end  or  twist  that  has 
l)een  induced  in  the  quenching  process.  Practical  means  for  accom- 
plishing this  result  undoubte<lIy  involves  pressing  the  heated  material 
during  the  quenching  process,  requiring  expensive  ecjuipment  but 
no  insuperable  obstacles  to  its  realization. 

Carbon  steel  eye  bars  are  now  l)eing  treatctl  by  the  American 
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Bridge  Company  and  some  work  has  been  done  in  treating  nickel 
steel  bars.  A  working  stress  in  tension  two  and  one  half  times  that 
permissible  for  medium  steel  may  be  safely  adopted  in  heat  treated 
material  developing  a  yield  point  value  of  120,000  to  130,000  pounds 
per  square  inch  and  possessing  the  degree  of  toughness  and  ductility 
indicated  by  an  elongation  equal  to  that  of  intermediate  grade  steel. 

The  writer  does  not  consider  it  advisable  to  use  a  working  stress 
as  high  as  45,000  pounds  with  a  yield  point  no  higher  than  75,000 
pounds  as  has  been  recently  proposed  for  heat  treated  carbon  steel 
bars  for  such  relatively  high  stress  does  not  give  the  customary 
margin  between  the  yield  point  and  the  working  stress  to  provide 
safely  for  the  range  of  imperfect  elasticity  known  to  exist  between 
the  thermal  limit  of  proportionality  and  the  apparent  limit  of 
elasticity  of  shape. 

The  elernents  which  are  commonly  used  in  alloy  steels  ar^ 
manganese,  nickel,  chronium,  silicon,  vanadium,  molybdeum,  cobalt, 
tungsten  and  others,  and  various  combinations  of  these  elements. 
The  number  of  possible  alloys  is  almost  unlimited  and  while  the 
number  of  useful  alloys  are  many  but  a  fraction  of  this  number  are 
commercially  so  because  the  same  useful  properties  and  character- 
istics of  one  alloy  may  be  duplicated  in  another  and  different  alloy 
at  less  cost. 

In  the  field  of  bridge  construction  ordinary  nickel  steel  with 
3.24  to  3.50  precent  nickel  and  a  natural  chrome  nickel  steel  made 
from  ore  mined  at  Mayari,  Cuba,  carrying  enough  nickel  to  give 
1.3  to  1.5  nickel  and  2.50  to  3.00  percent  chronium  in  crude  iron 
smelted  therefrom. 

In  the  conversion  of  this  iron  into  steel  little  nickel  is  lost  but 
the  chronium  content  is  largely  reduced  by  oxidation.  Alloy  steels 
for  riveted  bridge  members  have  been  customarily  used  in  their 
natural  or  untreated  state  involving  a  divergence  of  opinion  between 
the  automotive  engineer  and  the  bridge  designer  in  regard  to  the 
enonomy  of  the  strength  secured  by  their  use. 

The  Journal  of  the  Iron  and  Steel  Institute  of  1889  contains  a 
paper  by  Mr.  James  Riley,  furnishing  one  of  the  earliest  disclosures 
of  the  effect  of  nickel  alloyed  with  steel.  Since  then,  experiments 
on  heat  treated  armor  plate  have  made  the  advantages  of  nickel 
steel  widely  known  and  given  rise  to  an  exaggerated  estimate  of  its 
utility  when  untreated. 

The  physical  qualities  of  nickel  and  carbon  steel  of  similar  strength 
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manufactured  in  an  acid  open  hearth  furnace  of  the  Penns>'lvania 
.Steel  Company,  are  compared  !)>■  Campljell  in  the  following  table: 

THE  PHYSICAL  QUALITIES  OF  Nii  KKl.  M  KhL  AS  COMPARED  WITH 
CARBON  STEEL  OF  SIMILAR  TENSILE  STRENGTH 

(Note: — All  steel*  were  made  in  an  acid  open-hearth  furnace  by  The  Penn- 
sylvania Steel  Co.) 


Kind  of  Steel 

CompoMtion  per  cent 

C. 

Mn. 

P. 

S. 

Ni. 

M^^ 

.24 
.30  to  .35 
.25  to  .30 

0.78 
.60  to  1.00 
.60  to    .80 

.032 
.03  to  .05 
.03  to  .06 

.027 
.03  to  .05 
.03  to  .07 

3.25 

iHiocstng 

nil. 
nil. 

UIti-   '\ 
Kind  of  mate     Elastir   Elastic 

Steel  Strvngth     Limit      Ratio 

Lbs.  per  Lbs.  per  percent 
Sq.  In.    Sq.  In. 


Nickel 86015  63575  73.9 

Hard  forging  87663  58055  66.2 

Forging 78066  51793  66  3 

Nickel 86960  58553  67.3 

Hard  forging  87820  54153  617 

Forging  76970  49544  64.4 

Nickel 85773  58410  68  1 

Hard  forging  82773  50163  60.6 

Forging 78996  46654  59. 1 


Elong- 
ation 
in  8  ins. 
percent 


20  19 
16.70 
23  94 


21  75 
19  25 


21.08 
20.50 
26.78 


Elong- 
ation 
in  2  ins. 
percent 


34.00 
24.44 


39.67 
34.83 


39  25 
37.67 


Reduc- 
tion 
of  area 
percent 


46.3 
30  3 
52.0 


50  5 
43.3 
49  6 


52  0 
47  0 
52  1 


The  effect  of  the  nickel  is  to  increase  the  ultimate  strength, 
elastic  limit,  elongation,  and  reduction  of  area  somewhat  with  a 
given  percentage  of  carbon  but  the  difference  is  not  great  and  the 
increase  in  cost  of  3.25  to  3.50  percent  nickel  is  approximately  forty 
dollars  per  ton  of  the  steel  produced. 

Whether  such  mcxlerate  increase  in  strength  and  toughness 
may  not  be  secured  at  a  lower  cost  by  alloy  treatment  or  with  other 
and  different  elements  is  the  practical  question  from  the  commercial 
standpoint.  Nickel  alloy  is  more  difficult  to  roll  than  carbon  steel. 
To  off  set  this  higher  manganese  content  than  is  desirable  in  carbon 
steel  is  usetl  to  increase  the  hot  ductility  of  the  metal.  Bessemer 
rail  makers  in  the  early  introduction  of  steel  looked  upon  manganese 
as  a  cure-all  for  bad  practice,  the  steel  often  containing  from  1.50 
to  2.00  percent.    Later,  as  it  was  found  that  rails  with  high  manganese 
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content  were  brittle  in  service  the  permissible  maximum  as  been 
gradually  lowered.  In  harder  steels,  experience  taught  the  same 
lesson.  In  the  structural  shape  manganese  should  be  kept  lower 
than  the  limit  found  permissible  in  rails  to  avoid  the  treacherous 
characteristics  which  develop  from  its  effect  in  reducing  the  yield 
point  in  compression  as  indicated  by  the  reverse  bend  test. 

Chrome  like  manganese  is  small  amounts,  increases  the  hot 
ductility  of  the  metal,  raises  the  elastic  ratio  and  tends  to  render  the 
hot  surface  of  the  metal  less  sensitive  to  quenching  during  rolling, 
permitting  the  use  of  a  higher  carbon  content  with  safety  in  structural 
metal  which  is  to  be  used  untreated,  A  limitation  of  manganese 
content  to  .35  with  carbon  not  exceeding  .45,  silicon  not  over  .40 
and  chrome  .15  and  .20  should  secure  an  untreated  steel  of  higher 
compressive  resistance  than  structural  nickel  steel  of  our  standard 
specifications  with  the  same  carbon  content  but  higher  manganese. 
It  would  undoubtedly  present  greater  toughness  in  a  reverse  bend 
test. 

The  cost  of  such  silicon  steel  would  under  run  that  of  nickel  steel 
since  the  silicon  would  cost  little  more  than  the  manganese  which  it 
displaces  and  the  chrome  would  not  add  a  dollar  a  ton  to  the  cost  of 
the  metal  instead  of  35  to  40  for  the  nickel. 

For  reinforced  concrete  construction  a  higher  quality  of  steel 
would  cost  less  for  the  same  strength  and  impart  a  greater  degree 
of  security  and  dependability  to  the  work  since  the  stress  line  analysis 
of  concrete  beams  of  Section  II  shows  that  the  concrete  is  not 
stretched  in  parallel  with  the  steel  and  that  its  cracking  is  caused 
by  shear  distortion,  a  fifty  percent  increase  in  the  ordinary  working 
stresses  of  the  reinforcement  becomes  permissible  with  a  stronger 
dependable  grade  of  steel. 

Silicon  steel  with  an  ultimate  strength  of  95,000  to  120,000 
pounds  per  square  inch  with  a  yield  point  above  60,000  can  be 
secured  on  the  market  today  for  from  five  to  eight  dollars  per  ton 
above  the  cost  of  ordinary  reinforcement.  There  is  therefore  an 
opportunity  to  save  twenty  percent  of  the  cost  of  the  steel  and  with 
high  grade  material  and  a  proper  design  of  the  reinforcing  bars  if 
deformed.  The  present  average  of  from  three  to  five  percent  of 
defective  cold  bends  would  be  eliminated. 

This  estimate  of  the  average  number  is  low  because  even  with 
structural  grade  steel  there  are  many  deformed  bars  which  get 
pinched  and  cracked  in  bending  and  with  higher  carbon  steel  excess 
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manganese,  phosphorus  and  other  impurities  result  in  partial  fracture 
in  cold  bending. 

Deformations  which  relieve  the  pressure  of  the  roll  upon  the  bar 
across  the  top  or  bottom  induce  planes  of  weakness  thru  the  section 
which  should  be  avoided.  Cross  ribs  or  projections  should  l)e 
squeezed  out  on  the  quarter  of  the  bar  so  that  the  top  and  lx>ttom 
pressure  will  be  maintained  thruout  the  pass.  Excessive  deformation 
reduces  efficiencv'  as  a  tension  memlier  which  constitutes  the  primary 
function  of  the  steel  in  the  combination. 

With  a  good  concrete,  plain  round  Ixirs  have  never  failed  because 
of  deficient  bond.  Slight  roughing  and  moderate  deformation  may 
permit  the  elimination  of  the  hooks  but  it  should  not  l)e  carried  to 
the  extent  of  weakening  the  section  in  resisting  the  primar>'  stress 
for  which  it  is  designed. 

When  our  building  code  laws  take  cognizance  of  the  quality  of 
the  metal  which  may  be  economically  and  scientifically  used  as 
reinforcing  means  the  uncertainty  involved  in  damaged  cold  Ijends 
will  be  largely  eliminated  and  the  safety  of  the  structure  will  not 
depend  on  the  favorable  circumstance  that  the  greatest  tension  does 
not  generally  occur  where  the  bars  are  bent  ip  and  that  as  the 
concrete  hardens  it  develops  a  capacity  to  resist  shear  which  the 
designer  does  not  credit  to  it  in  his  computations.  Obviously  high 
grade  steel  will  never  be  furnished  under  a  code  that  permits  no 
increase  in  working  stress  for  improved  strength,  toughness  and 
dependability  of  the  material. 

The  idea  of  a  higher  and  better  quality  of  steel  for  concrete 
steel  construction  cannot  be  expected  to  prove  p>opular  with  those 
manufacturers  who  now  regard  this  field  of  construction  as  the  happy 
dumping  ground  for  all  kinds  of  oflf  grade  stock. 
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CHAPTER  XX       . 

TESTS  OF  LARGE  BRIDGE  COLUMNS  APPLIED  TO  THE 
DETERMINATION  OF  ECONOMIC  PRACTICE 

1.  The  Strength  of  a  Column  Increases  with  the  Hardness 
of  the  Metal  and  depends  more  largely  on  the  carbon  content  than 
upon  other  considerations.  To  demonstrate  this  statement  we  have 
the  tests  of  Mr.  Waddell  recorded  in  Trans.  Am.  Soc.  C.  E.,  Vol. 
LXIII,  June  1909,  page  250,  thirty  foot  struts,  nickel  steel  and  car- 
bon steel. 

The  steel  analysis  of  Waddell's  test  columns  gave  .19  to  .23  car- 
bon, manganese  .45  to  .56.  His  nickel  steel  contained  from  3}/2  ,to 
4  percent  nickel,  carbon  .36  to  .46,  manganese  .62  to  .76.  The  ulti- 
mate strength  of  the  nickel  steel  had  a  maximum  of  112,000  pounds 
per  square  inch,  an  average  over  90,000.  The  ultimate  strength  of 
the  carbon  steel  was  60,000  minimum  to  66,000  maximum.  By 
doubling  the  carbon  Mr.  Waddell  secured  in  his  untreated  nickel 
alloy  steel  a  third  greater  ultimate  strength  and  double  the  load 
producing  a  set  of  .015. 


Strut 
No. 

Nickel  Steel 

Carbon  Steel 

Load  per  square  inch 
Producing 

Load  per  square  inch 
Producing 

Ratio: 
Nickel  Steel 

Carbon  Steel 

Set 

0.005 
in. 

Set 

0.015 
in. 

Failure 

Set 

0.005 
in. 

Set 

0.015 
in. 

Failure 

Set 

0.005 
in. 

Failure 

1 

39  800 
42  500 

41  600 

44  400 
47  200 
42  500 
44  700 

29  600 
32  400 

29  600 

30  500 

2 

16  600 

17  000 
16  800 

22  200 

20  400 

21  300 

3 

Average 

41  200 

245 

147 

We  will  now  compare  these  results  with  the  tests  of  Mr.  Dagron 
which  with  manganese  .79  to  .83,  and  carbon  of  .26  to  .27,  or  a  third 
lower  carbon  than  the  nickel  steel  developed  on  an  eight  inch  lattice 
channel  column  24  feet  long,  an  ultimate  strength  over  40,000.  [It 


njuiBim  or  column  trBSMcm  IS 

appears  therefore  that  as  the  failure  of  the  ni(  k«  I  -ttt-i  (olumns 
occurred  at  only  2.000  to  4,000  pounds  higher  ultimate  stress  than 
the  carbon  steel  with  but  two-thirds  the  carbon  content  that  the 
nickel  played  a  negligible  part  in  increasing  the  strength  of  the 
member. 

The  tx)lumns  differed  thus:  In  Dagron's  tests  the  pin  was  par- 
allel to  the  web;  in  Waddell's  tests  the  pin  was  norfnal  to  the  web, 
so  that  the  strain  of  the  lacing  would  be  less  in  producing  buckling 
of  the  flange  in  the  Waddell  tests  than  in  those  of  Mr.  Dagron.  The 
failure  of  both  sets  was  by  crippling  of  the  flanges. 

The  increased  hardness  caused  by  higher  carlxjn  in  the  nickel 
steel  would  result  in  a  more  favorable  comparison  with  shorter 
lengths.  Waddell's  test  column  sections  were  web  plates  12  X  3/8', 
four  flange  angles  3X  3  X  3/8',  lacing  bars  2^  X  3/8',  rivets  7/8". 
Mr.  Dagron's  columns  were  made  up  of  two  plates  8  X  1/4',  four 
angles  IH'  X  2^'  and  lacing  \H  X  H  with  5/8'  rivets. 

2.  The  Strength  of  the  Column  Is  Increased  as  the  distri- 
bution of  the  metal  further  from  the  axis  of  the  column  increases, 
l>ecause  the  failure  of  the  column  is  caused  by  the  unbalanced,shear 
distortion  which  increases  the  stress  over  and  above  the  average 
stress  an  amount  increasing  as  the  distance  from  the  gravity  axis  of 
the  section,  or  for  laced  channels  the  more  the  niftal  is  concentrated 
in  the  flange  the  greater  the  strength. 

A  comparison  of  large  chord  sections  reproduced  from  the  Trans- 
actions of  the  Engineering  Institute  of  Canada  on  the  following  page 
may  serve  to  illustrate  this  relation. 

The  strongest  section  there  illustrated  for  the  area  is  obviously 
that  of  the  Forth  Bridge,  tube  section.  The  weakest  is  the  Quebec 
old  design  lower  chord  A9,  of  but  5/8ths  the  strength  computed  by 
ordinar>'  formulas.  The  total  flange  area  was  aljout  four  |x.*rcent  of 
the  section  a>ntrastetl  to  thirty  to  forty  percent  in  the  flanges  of  the 
ordinary  laced  channel  column.  The  chorti  of  the  Hell  Gate  arch 
has  a  sul)stantial  cover  plate  at  the  top  and  lx)ttom  and  ranks  next. 
The  Quebec  new  design  has  relatively  a  smaller  proportion  of  metal  in 
the  flanges  than  the  channel  and  Z-sections  of  which  tests  have  been 
tabulated.  Its  width  of  flange  is  relatively  smaller  than  that  of  the 
rolled  channel.  But  the  arrangement  of  four  webs  laced  with  a  very 
small  slenderness  ratio  in  one  direction  enabled  the  section  to  de\'elop 
a  close  approximation  to  the  yield  point  value  of  the  individual 
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plates  and  angles  in  the  1913  tests  published  page  211  Rept.  Govern- 
ment Board  of  Engineers  Quebec  Bridge,  Volume  1 . 

3.  Tests  of  Five  Larfte  Steel  Bridge  Columns  are  described 
in  Trans.  Am.  See.  C.  E.  LXXII,  page  429  by  James  E.  Howard. 
The  members  were  36  feet  4  inches  in  length  made  up  of  two  webs 
.50  X  ll/16ths  and  four  angles  6  X  6  X  5/8ths'.  The  angles  were 
turned  in  and  laced  with  2H  X  3  '8'  bars  7'  alternate  spacing.  The 
webs  were  20-5/8'  center  to  center.  Four  cross  diaphrams  of  7/16* 
plate,  four  angles  $}4  X  S^i  X  7/16  X  2'4'  divided  the  column 
length  into  five  parts.  The  ratio  of  L/R  is  47,  sectional  area  approx- 
imately 90  inches.  Lx>ads  applied  ranged  from  29.000  to  30,500 
pounds  per  square  inch.  The  steel  varied  in  carbon  from  .18  to  .27 
points,  manganese  .47  to  .54  with  low  phosphorous  and  sulphur  con- 
tent. The  elastic  limit  of  the  plates  and  angles  varied  from  33,000 
to  38,000:  ultimate  ten.sile  strength  from  50.000  to  53.000  pounds 
per  square  inch. 

The  columns  tested  satisfactorily  to  nearly  the  elastic  limit  of 
the  material  when  one  failed  suddenly.  The  tests  of  the  others  were 
not  brought  to  a  conclusion.  The  pins  were  normal  to  the  web  and 
in  some  of  the  columns  detail  weakness  in  pin  bearing  developed. 

The  important  lesson  which  this  series  of  tests  teaches  and  which 
may  well  be  studied  by  the  student  is  that  of  the  divergent  character 
of  failure  of  mild  steel  in  the  compression  member  and  in  the  e>*e 
bar.  In  the  tests  of  an  eye  bar  this  grade  of  steel  will  stretch  out 
gradually  without  necking  down  or  approaching  final  failure  in  a 
twenty  foot  bar  until  the  material  has  been  elongated  fifteen  or  even 
twenty  percent  of  its  length.  In  the  column  on  the  other  hand  it 
may  collapse  almost  without  warning.  The  soft  material  does  not 
exhibit  toughness  under  compression  because,  if  it  flows  readily, 
instead  of  accumulating  set  slowly,  the  failure  will  be  sudden.  On 
the  other  hand,  if  it  is  hard  enough  to  deform  slowly  and  receive 
but  relatively  slight  set  as  the  yield  point  is  pa.s8ed,  it  becomes 
for  that  reason  a  safer,  tougher  and  more  dependable  member. 

4.  Tests  of  Scale  Models  of  Large  Compression  Members 
are  resorted  to  by  the  engineer  to  determine  the  prolwble  strength  of 
the  members  which  are  beyond  the  capacity  of  present  day  testing 
machines.  Such  a  series  of  tests  is  presented  in  the  studies  of  the 
Bureau  of  Standards  of  large  compression  members.  Technological 
Paper  No.  101. 
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Structural  and  mechanical  data  concerning  the  columns  tested 
are  shown  in  Table  No.  1,  and  the  relation  of  the  effective  elastic 
limit  of  the  column  and  given  yield  point  of  the  steel  and  ultimate 
strength  are  shown  in  the  diagram  in  which  the  character  of  the 
metal  is  stated  at  the  top  of  the  column,  the  name  of  the  column 
corresponding  to  that  in  Table  1  at  the  bottom. 

Comparing  the  relation  of  the  effective  elastic  limit  of  the  column 
with  the  yield  point  value  of  the  material  it  is  to  be  noted  that  even 
for  the  small  slenderness  ratio  of  15  and  16  the  effective  elastic  limit 
is  less  than  half  the  yield  point  of  the  material  of  which  the  sections 
were  made  up  in  the  case  of  four  webs  laced  of  Memphis  Bridge 
sections. 

Investigating  these  built  channels  the  ratio  of  the  flange  area  to 
the  web  area  in  Mayari  steel  specimen  LCq  LC\  is  better  than  that 
in  LC  LqCi  carbon  steel  and  a  relatively  higher  elastic  limit  aijd 
ultimate  strength  is  the  result. 

Considering  the  whole  series  the  use  of  1/2  inch  rivets  in  sections 
which  in  normal  practice  would  be  riveted  up  with  7/8  inch  rivets 
is  an  element  of  weakness  illustrated  in  a  picturesque  manner  by  the 
photograph  showing  the  typical  failure  of  the  carbon  and  Mayari 
steel  with  the  four  webs  laced  top  and  bottom.  Shearing  of  the 
small  rivets  between  the  webs  and  the  angles  and  their  failure  through 
flexure  or  slippage  to  bind  the  parts  together  as  7/8  inch  rivets  would 
have  done,  undoubtedly  played  a  part  in  reducing  the  effective 
elastic  limit  to  the  low  values  shown  in  the  diagram. 

The  sections  marked  with  the  star  had  forked  ends  which  bent 
over  resulting  in  reduced  strength  under  the  maximum  load.  (Fig. 
59  of  the  Bureau  report). 

Fig.  53,  Column  31  HC\  carbon  steel  illustrates  the  typical  failure 
of  the  laced  H  sections.  It  will  be  observed  that  the  lacing  consists 
of  diagonal  straps  with  transverse  angles.  Under  the  principle  of 
rigidities  because  the  solid  web  is  more  rigid  than  the  lattice  work 
of  angles  and  straps  the  web  would  furnish  the  predominant  resist- 
ance to  bending  in  its  own  plane  and  the  resistance  to  twisting  would 
reside  in  the  transverse  angles  leaving  the  lattice  straps  to  function 
only  to  the  extent  that  they  take  a  certain  amount  oflongitudnnal 
compression  buckling  up  under  it  and  inducing  in  the  flange  buckling 
tendencies  which  offset  their  resistance  to  longitudinal  compression 
to  such  an  extent  that  had  the  columns  been  built  without  the  strap 
lacing  using  the  transverse  angles  only  a  higher  elastic  limit  and 
compressive  strength  might  have  been  secured. 
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ANALYSIS  AND  TEST  RESULTS 
TABLE  2— PROPERTIES  OF  STEEL 


Name 

of 
Column 


Percent  of  EiemenU  in  Chemical 
Te»t» — Averages 


Ni     € 


Mn 


Si 


Cr 


Cu 


Tensile  te»tk,  pound*  per 
■quare  mch 


Yield  Point 


Mean 


High 


Low 


Break 
Load 
Mean 


Munici- 

Bridge 
Vi  Si.. 
I'l  Ui. 

Metrop- 

li«.  Hridge 
IK     . 
Ht  1. 
MY.. 


MVl.. 
31HC. 
MFICt 


3.51 
3  59 


29 
32 


1.12 
1.12 


3iSl.. 

34CS.. 
34CS1 

Memphis 

Bridge 
rSiMSl 
carbon 
LSiMSi 
Mayari 
UlMl 
carbon. 
UiMi 
Mayari 
Li(  LCl 
rarbon 
I.CiLCl 
Mayari. 


.36 
.36 
.34 

.34 

.28 
.28 
.35 
.35 

.31 
.31 


1.58 


1.58 


1  58 


23 
33 
23 
33 
23 
33 


014 
015 


012 
012 
010 

010 
017 
017 
017 
017 

017 
017 


012 
016 
012 
016 
012 
016 


59 
59 


43 
40 
68 

68 
(A 
64 
83 
83 

.49 
.49 


49 
.64 
.49 
.64 
49 
64 


.031 
.033 


030 
030 

a?7 

037 
031 
031 
039 
039 

028 
.028 


027 
027 
029 
027 
029 
027 


.53 
.53 


10 
10 


.38 
.38 

.13 
.13 


66 
66 


55.500 
55  200 


40  700 
44  100 
59  900 

62  110 
42  900 
42  700 
57  200 
56  500 

55  800 
54  200 


63  100 
63  100 


50  500 
52  040 


50  000(037500 
50  000 
68  380 


37  650 
55  890 


68  380 
45  440 
45  440 

58  840 

57  480 

59  290 

58  010 


37 


.37 


37 


740J43  700 
72  160 
43  700 
72  160 
43  700 
72  160 


41 

62  430 
41  740 
62  830 
41  740 
62  430 


56  080 
37  280 
37  280 
51  940 
51  940 

48  260 
48  260 


40  250 
52  000 
40  250 
52  000 
40  250 
52000 


93  300 
93  060 


76  660 

75  930 

100  610 

01  170 

73  400 

74  440 

87  700 

88  300 

82  700 

83  600 


64  420 
99  800 

65  420 
99  800 
65  420 
99  WK) 


•  f 


\  T  \  i  ^  >.  X 
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TYPICAL  VIEWS  OF  FAILURES 
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The  difficulty  which  the  engineer  encounters  in  making;  up  a  large 
section  of  the  Ikjx  or  laced  channel  order  and  utilizing  the  definite 
knowledge  of  old  test  data  on  smaller  sections  is  his  inability  to 
secure  in  the  American  Market  a  proportionate  increase  in  the  size 
of  Angles.  An  8'  X  8'  is  the  largest  angle  at  present  rolled  by  the 
American  Mills.  In  the  proposed  Sydney  Bridge  an  Knglish  firm 
contemplate  rolling  12'  X  12'  X  IH'  angles  for  their  chord  sections. 

Again  if  the  big  section  which  is  used  in  the  full  size  member 
possesses  such  low  elastic  resistance  to  a)mpressic>n  as  was  developed 
in  some  of  the  column  sections  tested  for  tht  (  oinmittee  of  the 
American  Society  Civil  Kngineers.  since  the  thin  metal  in  the  scale 
model  developeti  wlun  fabricated  an  effective  elastic  limit  of  only 
about  half  the  yir!<l  i><'iiit  of  the  individual  shapes  the  permissible 
working  stress  of  a  large  built  up  meml)er  must  amserva lively  he 
smaller  than  that  usually  assumed  in  the  design  of  long  span  struc- 
tures unless  the  form  l>e  improved  upon  and  a  more  suitable  grade 
of  metal  secured. 

Much  of  the  uncertainty  is  involved  in  the  adoption  of  sections 
subject  to  exaggerated  buckling  and  twisting  tendencies.  The  small 
section  is  designed  with  a  view  that  it  be  open  to  inspection  and 
painting  throughout  its  entire  area.  With  a  large  cross  section  there 
is  no  objection  to  the  closed  section  which  may  Ix;  entered  through 
a  manhole,  for  inspection  with  even  greater  facility  and  »  omriiience. 

5.  Economic  Form  of  Make  Up  of  the  Compression  Mem- 
ber can  be  determined  only  by  weighing  its  econ*>inii  advantages 
or  disadvantages  from  the  following  standpoints: 

(a)     Cost  of  fabrication  and  percent  of  details  of  the 

shaft  in  lacing  or  battens. 
(6)    Economic  distribution   of   metal   [>ermitting   the 

highest  working  stress, 
(c)    Ease  of  making  connections  in  the  frame  or  truss 

and  the  satisfactory  character  of  same. 
(H)    Deiiendability  f»r  safety  against  sudden  collapse. 

In  the  hl^  building,  from  standpoints  6  and  r,  the  old 
Phoenix  wlumn  with  its  pintle  plate  connections  for  l)eamand 
girders  may  l)e  credited  first  place,  but  the  high  exist  of  shop  work 
with  strip  fillers  spreading  the  segments  for  the  pintle  so  far  oflfseta 
these  advantages  that  a  Phoenix  section  cannot  compete  with  the 
rolled  H  section  which  requires  no  shop  work  on  the  shaft  of  the 
column. 
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The  Gra>  section  commonly  but  perhaps  unduly  criticised  as 
weak  in  bending  in  the  light  of  Von  Emperger's  experiments  on  bat- 
tens in  lieu  of  lacing  becomes  a  highly  satisfactory  section  when  filled 
and  fireproof ed  with  a  1-2-4  mix  of  concrete  after  erection  of  the 
skeleton  frame,  because  its  form  enables  the  concrete  to  increase  its 
strength  to  an  extent  impossible  with  the  other  sections  illustrated. 

In  the  tall  building  the  average  column  length  ranges  from  twelve 
to  fifteen  feet.  Where,  as  in  many  classes  of  industrial  buildings,  the 
columns  are  two  or  three  times  this  length  and  subjected  to  con- 
siderable bending,  the  laced  section  of  four  angles  or  two  channels 
becomes  in  turn  much  more  economical  than  the  solid  H  section  of 
smaller  breadth. 

Roof  Construction :  The  mill  building  requires  long  spans  but 
light  trusses  and  for  the  compression  chords  of  these  two  angles 
form  an  ideal  section  when  supporting  purlins  at  four  to  six  foot 
intervals  and  panels  of  the  triangulation  of  about  the  same  length." 

The  details  of  connections  with  such  a  chord  are  formed  with  a 
simple  gussett  and  the  disadvantage  due  to  the  unsymmetrical 
form  is  generally  less  than  five  percent  and  rarely  exceeds  eight 
percent  when  compared  with  a  pipe  section  which  is  an  ideal  form 
of  distribution  of  metal  for  resisting  compression. 

The  satisfactory  character  and  simplicity  of  the  details  possible 
with  the  two  angle  section  from  the  standpoint  of  shop  work  entails 
an  economic  advantage  three  times  as  great  as  the  theoretical  dis- 
advantage in  the  unsymmetrical  distribution  of  the  metal  in  the  cross 
section. 

Compression  Members  for  Bridges:  For  the  vertical  posts  if 
of  moderate  size,  two  channels  laced  are  generally  the  most  economic 
form.  Where  the  member  is  long  and  the  stress  relatively  light,  four 
angles  laced  as  in  (3)  Fig.  C7  is  to  be  preferred.  The  Phoenix  Section 
(6)  of  the  same  figure  though  advantageous  from  the  standpoint 
that  no  lacing  is  required,  and  though  ideal  in  form  as  far  as  the 
shaft  of  the  column  is  concerned,  the  expense  of  connections  has 
resulted  in  disuse. 

The  compression  members  of  the  Forth  Bridge  are  illustrated  in 
(5)  of  Fig.  C7.  Circular  disposition  of  the  metal  is  secured  by  building 
a  tube  with  longitudinal  plates  curved  and  overlapping  at  ten 
points.  Longitudinal  ribs  consisting  of  a  plate  and  four  angles  are 
riveted  along  the  longitudinal  joints  and  stiffener  frames  at  intervals 
of  circular  angles  and  plates  constitute  the  make-up  of  the  compression 
members  of  this  structure.  This  section  has  ample  radius  of  gyration 
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and  excellent  distribution  of  metal  from  the  stand(x>tnt  of  symmetr>'. 
The  amount  of  work  involved  in  the  fabrication,  cur^•ing  and  butt 
splicing  of  plates,  and  of  squaring  up  the  circular  form  at  the  end 
for  main  connections  will  undoubtedly  prevent  its  adoption  in  future 
structures. 

To  obviate  the  disadvantages  of  the  Forth  section  while  securing 
all  of  its  advantages  the  Turner  section  (7)  of  Fig.  7  was  originated. 
It  is  octagon  in  form,  made  up  of  longitudinal  plates  or  staves  which 
run  the  full  length  of  the  section  without  splicing.  One  hundred 
and  thirty-five  degree  angles  inside  and  out  join  or  splice  the  plates 
together.  At  intervals  of  eight  to  ten  feet  flanged  cast  steel  rings 
form  a  frame  upon  which  the  longitudinal  plates  and  angles  are  first 
attaches!  and  then  are  drilleti  together  and  riveted  up.  Four  feet 
six  inches  is  about  the  smallest  section  that  it  is  desirable  to  use  as 
it  should  be  arranged  so  that  the  workmen  can  enter  through  a 
manhole  for  inspection,  riveting  and  painting. 

This  section  requires  no  lacing.  The  shop  work  is  simple.  Con- 
nections can  be  readily  made  and  there  are  no  projecting  flanges  or 
wide  unsupported  webs  that  tend  to  buckle  or  crimp  out  of  line  as 
in  the  sections  customarily  used  in  large  American  bridges. 

Tests  of  models  of  the  compression  members  of  the  Quebec 
Bridge  disclose  an  ultimate  strength  of  the  compression  members 
ranging  from  fifteen  to  nearly  thirty  percent  below  the  yield  point 
unit  stress  of  the  plates  and  angles  which  make  up  the  section.  The 
need  of  improved  sections  which  will  develop  from  fifteen  to  twenty 
percent  higher  ultimate  resistance  than  the  yield  point  of  the  in- 
dividual f>arts  is  obvious. 

Dependability  in  the  compression  member  is  to  be  secured  by 
adoption  of  a  harder  metal,  one  that  is  tough  but  suffers  only  a  small 
set  as  its  yield  point  is  passed,  rather  than  a  grade  recommended 
by  the  rolling  mill  because  of  its  lead  like  cap>acity  to  flow  readily, 
receive  the  greatest  set  and  fail  with  the  most  pronounced  sudden- 
ness under  over  load  in  compression. 

6.  Temperature  Strcisses  in  the  compression  member  made  up 
of  multiple  webs  like  the  Quebec  Bridge.  Blackwells  Island  Bridge, 
and  others,  arise  from  the  heat  of  the  sun's  rays  striking  the  exposed 
web  increasing  its  temperature  over  and  above  that  of  the  shadeti 
wel)s.  Where  the  metal  is  concentrated  in  large  masses  in  the  flanges 
it  will  not  be  heated  up  as  rapidly  as  the  thinner  portions  of  the  web 
at  the  central  part  and  the  metal  will  then  be  subjected  to  tempera- 
ture stress  from  this  cause. 
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Experiments  made  for  design  purposes  on  the  Quebec  Bridge  are 
recorded  in  the  report  of  the  Government  Board,  Vol.  I,  page  164, 
as  follows: 

No.        Loc.  of  Therm.  I  II  III  IV  V 

Top 99  89  89  86 

16       Center 112  78  73  72  67 

Bottom 93  67  67  65 


Average 101.2°  78.0°  76.3°  74.3° 

Top 99  89  86  82 

17       Center 117  77  70  70  68 

Bottom 92  67  67  64 


102.7°        77.7°        74.3°        72.3° 

Quoting  further  this  report: 

"Numerous  assumptions  might  be  made  as  to  the  probable  tem-, 
perature  stresses  arising  under  the  conditions  noted  by  the  above 
data.  If  the  average  temperatures  of  the  four  ribs  were  accurately 
known  the  average  temperature  stresses  could  be  calculated.  But 
the  above  "averages"  are  not  true  averages.  Obviously,  then,  the 
basis  of  calculation  must  be  made  on  a  probability  of  a  certain 
average  temperature  difference  between  the  rib  exposed  to  the  sun 
and  the  average  of  the  other  three  webs.  Since  most  of  the  observa- 
tions were  made  at  about  70°  F.  it  seems  only  fair  to  assume  that 
the  probable  maximum  average  difference  at  higher  temperatures  is 
at  least  25°  F.  Accordingly  this  difference  was  assumed  in  the  cal- 
culations. The  stress  variations  in  the  different  parts  of  the  chord 
arising  from  this  temperature  difference  were  treated  as  secondary 
stresses  since  they  do  not  affect  the  total  axial  stresses." 

Such  a  section  as  that  of  the  Forth  bridge  has  a  marked  advan- 
tage over  that  of  the  Quebec  design  because  of  the  uniform  section  of 
metal  around  the  periphery  of  the  chord  tends  by  conduction  to 
equalize  the  difference  in  temperature  between  the  sunny  and  shaded 
side  aided  by  the  mean  temperature  of  the  air  within  the  closed 
section.  Whereas  25  to  30  degrees  variation  in  temperature  is  to  be 
expected  for  a  chord  of  the  Quebec  type  a  third  of  this  amount  would 
approximate  the  maximum  variation  in  the  temperature  of  the  two 
sides  of  the  section  of  the  Forth  Bridge  chord  or  one  of  a  Turner 
octagon  section  in  view  of  the  smaller  temperature  variation  within 
one  web  compared  to  the  variation  between  different  webs  and  the 
elimination  of  excess  concentrations  of  metal  throughout  the  section. 
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The  validity  of  the  elaborate  mathematical  investigation  of  this 
report  hinges  upon  the  applicability  of  t)eam  theory  to  column  bend- 
ing which  appears  from  Chapter  XN'III  inapplicable  to  column  ac- 
tion. The  readjustment  of  the  intensity  of  the  compression  on  the 
respective  sides  of  the  chord  in  the  case  of  a  s>'mmetrical  section  like 
that  of  the  Forth  Bridge  or  the  octagon  form  may  be  approximated 
by  considering  the  maximum  fiber  stress  increased  by  temperature 
an  amount  equaling  two-tenths  that  of  the  expansion  due  to  differ- 
ence in  temperature  or  treating  the  value  of  iS»0.2at  E*  instead  of 
fiat  E*  the  approximation  suggested  in  this  report.  The  closed  sym- 
metrical section  appears  to  require  less  than  a  third  the  allowance  for 
temperature  stress  than  the  ordinary  unsymmetrical  section  does. 

6.  Summary:  The  strength  of  a  solid  oilumn  may  be  ex- 
pressed as  a  function  of  its  slenderness  ratio,  its  modulus  of  elasticity 
and  a  coefficient  representing  its  end  conditions.  The  strength  of  an 
unsymmetrical  built  up  column  can  not  be  expressed  in  these  terms 
except  in  an  approximate  manner.  The  secondary  stresses  of  twisting 
and  buckling  must  be  considered  in  accordance  with  the  law  of  their 
magnitude  by  separate  computation. 

Structural  steel  for  bridges  var>'ing  from  55,000  to  65,000  ultimate 
tensile  strength  is  too  soft  a  material  to  secure  the  most  satisfactory 
results  for  compression  members,  particularly  when  a  considerable 
portion  of  this  tensile  resistance  is  secured  by  a  high  manganese 
content.  Intermediate  grade  steel  or  alloy  treated  steel  as  discussed 
in  the  previous  chapter  may  be  economically  used  with  higher  work- 
ing stresses  and  greater  safety  because  the  compression  member 
made  up  of  such  material  will  not  fail  with  the  suddenness  character- 
istic of  the  rapid  flow  of  the  soft  metal.  In  heavy  sections  for  long 
span  bridges  the  closed  symmetrical  section  is  economical  because 
it  eliminates  the  weight  of  lacing  and  useless  details,  simplifies  con- 
nections, is  more  weatherproof  and  more  readily  inspected  and 
painted,  avoids  the  buckling  and  crippling  tendency'  of  the  flanges  of 
the  box  section  and  develops  a  much  higher  resistance  and  limit  of 
elasticity  for  its  sectional  area. 

*   "a"  tbc  coeflkirnt  of  nr«n«ion  ^cr  degre«  F.>.OOOOMS;  (otemrermture  ran«e  10*  (or  (he 
cloMd  MCtion.  JO*  for  the  (our  web  tection*:  E  the  rot^ului  o(  elavticity. 
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CHAPTER  XXI 
♦REINFORCED  CONCRETE  COLUMNS 

1.  General  Considerations.  The  requirements  for  suitable 
design  for  reinforced  concrete  columns  in  building  construction 
may  be  briefly  stated  as  follows: 

First,  that  the  longitudinal  reinforcing  metal  should  be  toward 
the  outer  portion  of  the  column  in  order  to  properly  resist  any 
tendency  to  bend  or  deflect. 

Second,  that  the  bars  should  be  banded  or  tied  together  to  mainr 
tain  them  in  their  desired  position  and  add  toughness  to  the  column. 

Third,  that  the  bands  or  ties  should  not  so  cross  the  core  as  to 
interfere  with  placing  the  concrete  and  securing  a  monolithic  solid 
core. 

Fig.  Type  A,  shows  one  of  the  old  forms  of  Hennebique  type  of 
column.  In  this  type  the  principal  reinforcement  consists  of  heavy 
vertical  or  longitudinal  bars  tied  across  laterally  from  one  to  the 
other  by  comparatively  small  ties.  It  will  be  noted  that  these  ties 
cross  and  recross  the  core  of  the  column,  and  require  considerable 
care  in  filling  to  make  sure  that  there  are  no  voids  in  the  finished 
work. 
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Fig.  Type  A  Column  Fig.  Tyiw  B  Column 

*First  published  in  Concrete  Steel  Construction  by  H.  T.  Eddy  and  C.  A.  P.  Turner. 
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Cases  have  occurred  with  this  type  where  the  concrete  has  been 
arrested  part  way  down  in  pouring  the  column  and  on  removal  of 
the  form  an  open  space  was  found  of  perhaps  as  much  &a  two  feet 
between  the  concrete  above  and  l)elow,  so  that  the  load  alx)ve  was 
carried  by  the  vertical  bars  only.  Evidently  such  an  arrange^ 
ment  of  metal  is  somewhat  dangerous,  but  with  unu^iual  care  it  may 
prove  satwfactory  from  the  standpoint  of  strength  if  the  work  be 
properly  executed.  * 

Fig.  Type  B,  shows  an  improve<l  form  of  tying  together  the 
eight  vertical  bars  forming  the  vertical  reinforcement  wth  horizontal 
ties  in  the  form  of  .'squares,  one  inscril)ed  within  the  other.  The 
advantage  of  this  tj-pe  over  that  previously  shown  lies  in  the  fact 
that  the  central  core  of  the  column,  or  inscribed  square,  is  clear  and 
unobstructed  thruout. 

Fig.  T>'pe  C,  shows  a  column  reinforcement  consisting  of  four 
vertical  rods  with  wrapping  or  ties  holding  them  together  at  inter- 
vals. This  is  suitable  for  ver>'  light  loads  where  the  concrete  is 
more  than  sufficient  to  take  the  entire  compression  without  excessive 
stress. 

Fig.  T>'pe  D,  shows  a  column  section  of  the  Considftre  type  in 
which  the  vertical  rotls  are  hooped  with  spiral  reinforcement.  Con- 
siderable work  has  been  executed  using  hooped  columns  that  omit 
the  vertical  steel.  This,  as  the  authors  view  it,  is  a  verj'  grave 
mistaki'. 
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Hooping  may  be  of  two  types:  First,  a  spiral  coil  in  which 
the  wire  is  wound  around  the  core  of  the  column  in  the  form  of  a 
continuous  spiral,  and  second  that  in  which  separate  independent 
hoops  are  placed  at  intervals  and  attached  to  the  vertical  rein- 
forcement. 

The  strength  of  Types  A,  B,  C,  and  D,  all  depend,  first  upon 
the  strength  of  the  concrete,  second,  upon  the  amount  of  vertical 
steel  used,  and,  third,  upon  the  amount  of  ties  or  hooping  holding 
the  rods  in  position  and  bringing  lateral  restraint  upon  the  concrete. 

Theoretical  formula  based  on  the  ratio  of  the  moduli  of  elas- 
ticity of  concrete  and  steel  alone  cannot  be  depended  upon  for  a 
satisfactory  solution  of  the  problem  presented  by  the  third  element 
noted  and  we  must  depend  largely  upon  experimental  investigation 
to  determine  reasonable  and  safe  practical  values  to  use  for  our 
working  stress. 

In  deciding  upon  these  values  we  need  to  consider  the  column, 
first,  from  the  standpoint  of  its  ultimate  strength  in  the  finished 
building,  second,  from  the  standpoint  of  its  strength  and  safety 
during  construction,  and  third,  from  a  consideration  of  the  relative 
values  of  the  various  types  in  securing  strength  at  a  minimum  cost. 

Type  D,  with  a  proper  proportion  of  vertical  steel  combined 
with  the  hooping  ranks  first,  from  the  standpoint  of  safety  and 
economy. 

Type  B,  second. 

Type  D,  with  hooping  but  with  no  vertical  steel  third;  and  types 
A  and  C  fourth. 

It  may  be  stated  that  type  A  is  now  rarely  used  and  discussion 
concerning  it  may  be  omitted. 

For  Type  C,  the  allowance  permissible  for  working  stress  on  a 
1:2:4  concrete  is  350  pounds  per  inch  of  the  core  area  between  rods, 
and  10,000  pounds  per  square  inch  on  the  vertical  steel  and  besides 
this  the  volume  of  metal  in  the  ties  is  to  be  treated  as  forming  im- 
aginary verticals  with  a  working  stress  equal  to  that  allowed  for  the 
vertical  bars,  the  ties  to  be  spaced  not  further  apart  than  ten  times 
the  diameter  of  the  vertical  bars  in  case  the  bars  are  one  inch  sec- 
tion, but  where  smaller  bars  are  used  the  spacing  should  not  exceed 
9"  nor  the  size  of  the  tie  to  be  less  than  one  quarter  inch  round. 

Type  B.  The  allowable  working  stress  for  a  1:2:4  mix  is 
600  pounds  per  square  inch  on  the  concrete  of  the  core,  10,000  pounds 
on  the  vertical  steel,  and  one  and  one  half  times  the  volume  of  the 
ties  treated  as  imaginary  verticals.     These  ties  should  not  be  spread 
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further  apart  than  9",  and,  if  they  are  to  be  considered  of  value, 
they  should  h«»  put  not  more  than  ten  diameters  of  the  vertical  ban 
apart. 

Type  D,  the  Consid^re  ty-pe,  is  by  far  the  most  economical  type 
of  column  reinforcement  that  has  been  invented.  It  was  brought 
prominently  to  the  attention  of  the  public  by  Armand  Considdre. 

The  principle  involved  is  this:  by  restraining  the  concrete 
laterally  its  strength  in  compre8.sion  is  greatly  increased.  Just  as 
an  ordinary  piece  of  stove  pipe  fillet!  with  sand  will  carry  a  load 
several  times  greater  than  the  pipe  \Xse\i  would  be  able  to  do,  so  will 
a  hooped  column  owing  to  the  fact  that  the  metal  is  strained  in 
tension,  while  the  filling  held  in  position  by  the  rejrtraint  of  the  pipe, 
carries  the  weight  of  the  load.     For  strength  see  Section  5. 

There  have  been  quite  a  number  of  experiments  on  hooped  con- 
crete using  spiral  hooping  only  In  these  experiments  it  has  been 
found  that  after  the  ultimate  strength  of  plain  concrete  has  been 
develope<l,  splitting  and  .scaling  of  the  outside  shell  occurs,  combined 
with  a  large  vertical  deformation  and  considerable  lateral  bending 
iK'fore  ultimate  failure. 

2.  Considerations  of  Safety  Determining  Carrying  Loads. 
If  it  is  expected  to  develop  the  core  of  the  concrete  to  a  point  beyond 
its  normal  strength  we  must  evidently  prevent  its  lateral  distortion 
or  bulging  and  also  the  sliding  or  flow  of  the  concrete  between 
consecutive  bands  or  turns  of  the  spiral,  hence  a  certain  proportion 
of  vertical  steel  mu.st  be  used  in  connection  with  the  hooping  to  secure 
the  best  results. 

In  determining  the  degree  of  safety  of  the  various  types  of  colunm 
design,  an  investigation  of  the  manner  of  fiulure  of  the  respective 
types  is  in  order  as  to  whether  it  occurs  suddenly  and  without 
warning,  or  gradually,  accompanied  by  indications  of  approaching 
failure  long  Ix'fore  failure  occurs,  and  there  is  the  further  question 
as  to  whether  the  comlitions  of  strain  in  the  column  are  proportional 
or  comparable  between  the  column  under  ordinary  working  stresses 
and  the  column  as  it  approaches  the  breaking  do>Mi  point  and 
ultimate  strength.  The  following  general  observations  may  l)€ 
made  aa  to  thes(>  ({ucstions: 

In  columns  sho\Mi  in  Fig.  Type  C,  the  failure  occurs  with  little 
warning,  the  vertical  bars  bending  outward  and  the  ties  yielding. 

In  the  hooped  column  without  vertical  steel,  when  it  is  loaded 
from  forty  to  fifty  percent  of  its  ultimate  strength,  the  portion  of 
the  concrete  outside  the  hooping  commences  to  check  and  crack, 
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and  later  to  scale.  From  this  point,  the  rate  of  deformation  with 
addition  of  the  load  increases  rapidly  owing  to  dissipation  of  energy 
by  the  cracking  and  scaling  of  the  shell.  Further  loading  is  ac- 
companied by  large  lateral  deformations  up  to  the  final  failure.  Such 
a  column  gives  ample  warning  but  the  point  at  which  the  outer  shell 
or  fire  protection  commences  to  fail  is  but  little  higher  than  the 
point  at  which  the  ordinary  vertically  reinforced  column  fails,  so 
that  little  advantage  in  the  way  of  increased  working  stress  is 
secured  unless  the  hooping  is  combined  with  vertical  steel. 

The  w^ell  hooped  column  vertically  reinforced  shows  a  large 
increase  in  strength  over  that  of  the  vertically  reinforced  column 
with  ties  and  a  great  increase  in  toughness.  Its  failure  is  not  sudden 
and  without  warning  as  in  the  former  type,  while  the  point  at  which 
checking  and  scaling  of  the  outside  shell  occurs  is  raised  to  eighty 
or  eighty-five  percent  of  the  ultimate  strength,  thus  giving  a  large 
margin  of  safety  to  the  fireproofing  between  the  working  load  and 
the  load  where  the  failure  of  the  shell  is  in  evidence. 

3.  Experimental  Data.  A  partial  report  on  tests  on  full  sized 
columns,  made  at  Phoenixville,  Pa.,  for  C.  A.  P.  Turner,  engineer, 
by  Mason  D.  Pratt,  is  given  in  the  following  table: 

Test  No.  1 

Marks  on  column:    None. 

Reinforcement:     Eight  1|  inch  round  vertical  bars. 

Bands:    Spaced  9  inches  vertically,  ^  inch  rivets,  cross  section 
If  X  J  inches,  inside  diameter  14  inches. 

Hooped  with  7/32  inch  wire  spirals,  about  2  inch  pitch. 

Total  load  at  failure,  1,360,000  lbs. 

Remarks:  Point  of  failure  was  about  22  inches  from  the  top, 
Little  indication  of  failure  until  ultimate  load  was  reached. 

Some  slight  breaking  off  of  concrete  near  the  top  cap,  due 
possibly  to  the  cap  not  being  well  seated  in  the  column  itself. 

Test  No.  2 

Marks  on  columns:     Box  4. 

Reinforcement:     Eight  1^  inch  round  vertical  bars. 

Bands:    Spaced  13  inches  vertically,  ^  inch  rivets,  cross  section 
If  X  I  inches,  inside  diameter  14  inches. 

Hooped  with  7/32  inch  wire  spiral,  about  3  inch  pitch. 

Point  of  failure:     About  18  inches  from  top. 

Top  of  cast  iron  cap  cracked  at  four  corners. 

Ultimate  load:     1,260,000  lbs. 

Remarks:  Both  caps  apparently  well  seated,  as  was  the  case 
with  all  the  subsequent  tests. 
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Showiac  Cohimn  ••  it  Cani«  from  Teating  Mackhi«. 


Test  No.  3 

Marks  on  column:    4-b. 

Reinforcement:     Eight  7/8  inch  round  vertical  bars. 

Bands:    Spaced  13  inches  vertically,  \  inch  rivets,  cross  section 
If  X  3/16  inches,  outKide  diameter  14  inches. 

Ultimate  load:    900,000  lbs. 

Point  of  failure:    About  2  feet  from  top. 

Remarks:    Concrete  at  failure,  con-siderably  diHintegrated,  prob- 
ablv  due  to  continuance  of  movement  uf  machine  after  failure. 
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Test  No.  4 

Marks  on  columns:    Box  4-c. 

Reinforcement:     Eight  1  inch  round  vertical  bars. 

Bands:  Spaced  8  inches  vertically,  |  inch  rivets,  cross  section 
If  X  J  inches,  inside  diameter  14  inches. 

Hooped  with  7/32  inch  wire  spirals,  about  3  inch  pitch. 

Total  load  at  failure:     1,260,000  lbs. 

Remarks:  First  indications  of  failure  were  nearest  the  bottom 
end  of  the  column,  but  the  total  failure  was  as  in  all  columns,  within 
2  feet  of  the  top.  Large  cracks  in  the  shell  of  the  column  extended 
from  both  ends  to  very  near  the  middle.  This  was  the  most  satis- 
factory showing  of  all  the  columns,  as  the  failure  extended  over 
nearly  the  full  length  of  the  column. 


Marks  on  column: 


Column  No.  4,  after  Test 

Test  No.  5 
None. 


Reinforcement:     Eight  |  inch  vertical  bars. 

Bands:    Spaced  10  inches  vertically,  |  inch  rivets,  cross  section 

If  X  J  inches,  14|  inches  outside  diameter. 
Hooped  with  7/32  inch  wire  spiral  as  before,  3  inch  pitch. 
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Load  at  failure:  1,100,000  lbs. 

Ultimate  load :     1 , 1 30,000  lbs. 

Remarks:  The  main  point  of  failure  in  this  as  in  all  other  col- 
umns was  within  two  feet  of  the  top  alt  ho  this  column  showed  some 
scaling  off  at  the  lower  end. 

This  set  of  tests  were  not  conducted  with  any  considerable 
d^ree  of  refinement  but  were  a  practical  test  of  ultiMiate  strength 
and  the  yield  point  value  of  specimens  of  full  sized  members, 
which  lends  greater  value  to  the  determination  than  laborator>' 
tests  on  small  specimens. 

The  concrete  mixture  was  one  part  Portland  cement,  one  part 
sand,  and  one  and  one-half  parts  buckwheat  gravel,  and  three  and 
one-half  parts  gravel  ranging  from  one-quarter  inch  to  three- 
quarter  inch  in  size. 

It  should  be  noted  that  in  these  tests  the  cracking  of  the  shell 
did  not  occur  until  the  hoops  were  over-strained,  and  that  the 
strength  of  the  hooping  closely  defined  the  ultimate  strength  of  the 
column  with  the  proportions  of  vertical  steel  used. 

1.  In  the.se  columns,  pressures  were  develo|)ed  on  the  core  more 
than  three  times  the  ultimate  strength  of  plain  concrete  at  2600 
pounds  per  square  inch. 

2.  Incipient  failure  occurred  only  by  the  stretching  or  bursting 
of  the  bands. 

All  colunms  were  approximately  octagonal  in  shape,  10'6"  long 
and  18"  diameter.  Final  failure  occurred  toward  the  upper  end  of 
the  colunm.  Mr.  Pratt  accounts  for  the  regularity  with  which  the 
columns  failed  at  the  upper  end  on  the  ground  that  the  concrete 
at  the  lower  end  was  more  dense,  owing  to  its  being  under  consider- 
able hydraulic  pressure,  while  .setting.  The  ro<is  were  all  shorter 
than  the  concrete  shaft.  Examination  of  the  columns  after  removal 
from  the  testing  machine  showed  in  all  cases  a  bulging  out  of  the 
vertical  reinforcement  at  the  principal  jwint  of  failure  with  the 
near<*st  hoop  ruptured  and  in  every  case  the  win'  spiral  was  broken 
in  one  or  more  coils  at  the  point  where  the  vertical  rods  were  bent 
out.  The  vertical  bars  in  nearly  ever>'  case  bulged  as  a  column 
with  fixed  ends.  Where  the  hoop  spacing  was  sue  to  nine  inches, 
the  deformed  length  of  the  bar  would  extend  over  the  space  of 
two  hoops.  Where  the  hoop  spacing  exceeded  nine  inches  the 
deformed  length  of  vertical  bar*  was  confined  to  the  space  between 
one  pair  of  hoops. 
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BACH  8  TESTS — TYPE   C   COLTTMN8 


It  may  be  well  to  review  at  this  point  two  series  of  carefully 
conducted  tests  upon  plain  and  reinforced  concrete  prisms.  Fig.  127, 
shows  the  dimensions  and  reinforcement  of  a  series  of  prisms  tested 
by  Bach*  for  Wayss  and  Freitag.  These  specimens  are  Type  C 
columns. 


^    I     ^ 


u-^m^% 


^ 
^ 


^\^ 


Test  3pec/noer)>3 

Fig.  127  Showing  Dimensions  and  Reinforcement. 

The  first  table  for  elasticity  test  of  Type  C  columns,  shows  the 
reinforcement,  tie  spacing,  and  elastic  deportment  under  different 
loads. 

The  second  table  for  Type  C  columns,  shows  the  breaking 
strength  of  this  series. 

*See  Het  Cement-Ijzer,  Saunders,  p.  91. 
Eisenbetonbau,  Morsch. 
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It  will  be  noted  under  the  table  showing  the  breaking  strength 
that  the  specimens  with  1  3/16  inch  round  verticals  and  4.6  per^ 
cent  reinforcement,  do  not  nhow  as  great  an  increase  in  strength 
as  the  specimens  with  1.14  percent  reinforcement,  but  with  much 
closer  spacing  of  the  ties,  the  specimens  with  the  large  rods  having 
ties  four  times  as  far  apart  as  the  specimens  with  the  »n\&\\  rods. 

COL.  TABLE  I 
Elasticity  Te«t  of  Columns  (Bach) 
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COL.  TABLE  II. 
Breaking  Strength  of  Columns  (Bach) 
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Ixx)king  at  the  elasticity  tests  of  the  specimen  rebiforced  with 
the  same  vertical  steel  the  marked  difference  in  toughness,  increase 
of  modulus  of  elasticity  and  the  reduction  of  permanent  set  pro- 
duced by  the  increase  in  the  number  of  ties,  is  strikingly  shown  by 
this  series  of  tests. 
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This  series  of  tests  show  conclusively  that  where  the  vertical  bars 
do  not  bear  directly  upon  the  face  plate  of  the  machine  and  the  load 
is  brought  upon  the  reinforcement  under  the  usual  condition  of  the 
column  in  the  reinforced  concrete  structure,  that  is  the  steel  is 
strained  by  the  load  brought  on  it  thru  the  concrete,  that  a  formula 
which  does  not  take  into  consideration  the  amount  and  spacing  of 
the  ties  fails  to  account  for  the  deportment  of  the  column  both  as 
regards  elasticity  and  ultimate  resistance.  That  is,  merely  an 
increase  in  the  total  cross  section  of  the  longitudinal  reinforcement 
does  not  produce  an  increase  in  the  breaking  strength  to  the  extent 
which  would  be  expected  by  the  formula 
P  =  h  (^c  +  nA,) 
Hence  in  inexperienced  hands,  this  formula  may  produce  unsafe 
designs  by  increasing  the  percentage  of  longitudinal  reinforcement 
disproportionately  in  order  to  secure  columns  of  small  diameter. 
This  procedure  gives  a  column  with  a  calculated  margin  of  safety 
which  it  does  not  possess. 

When  the  increase  in  the  resistance  is  compared  for  equal  longi- 
tudinal reinforcement,  there  being  a  difference  in  the  number  of 
ties,  it  is  shown  by  these  experiments  that  the  steel  used  as  ties  is 
much  more  effective  than  the  longitudinal  steel.  As  noted,  however, 
the  columns  reinforced  with  vertical  steel  and  ties  do  not  develop 
that  degree  of  strength  which  is  secured  by  columns  properly  rein- 
forced vertically  and  hooped  with  bands  or  spirals.  Hence  their 
use  has  been  largely  discontinued  where  loads  are  at  all  heavy  and 
is  confined  to  those  cases  where  loads  are  relatively  light  and  some 
slight  saving  may  be  made  in  the  use  of  ties  over  the  cost  of  spiral 
hooping. 

4.  Reinforced  Columns  Classified  by  the  Manner  in  Which 
Loads  are  Applied.  We  have  called  attention  to  the  type  of  prisms 
which  were  tested  by  Bach  in  which  the  steel  was  cut  short  at  the 
end  of  the  concrete  prism  so  that  the  load  applied  to  the  prism  was 
brought  upon  the  longitudinal  steel  thru  the  bond  shear  between  the 
steel  and  the  concrete.  This  is  the  common  mode  of  arrangement 
of  the  steel  in  the  reinforced  concrete  column  in  the  practical  build- 
ing. Sometimes,  however,  in  order  to  secure  relatively  small  columns 
for  heavy  loads  very  high  percentages  of  vertical  steel  are  used  and 
the  load  is  brought  largely  upon  the  steel  by  direct  bearing  of  steel 
upon  steel.  Evidently  the  coaction  of  the  elements  of  the  composite 
structure  differ  widely  under  these  radically  different  conditions  and 
correspondingly  dififerent  formulas  must  be  applied  to  these  different 
conditions. 
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We  have  cited  the  interesting  series  of  tests  by  Bach  on  rec- 
tangular prisms,  plain  and  reinforced  with  longitudinal  steel  and 
ties  and  we  may  profitably  consider  the  corresponding  aeries  of 
teste  on  hooped  and  longitudinally  reinforced  prisms. 

Fig.  128  give.<i  the  dimensions  and  tj-pe  of  reinforcement  used 
while  table  III  shows  the  results  of  the  tests. 


■? 


,      7/'       j  ^"^^f^-ir/' 


Fic-  128  DiiBMMiiMM  o(  OolainM  «ad  Type  of  ReiafomiiMBt. 


As  in  the  first  series  the  longitudinal  steel  was  cut  short  of  the 
ends  of  the  prisms  so  as  to  secure  normal  coaction  Ix'tween  the  steel 
and  the  concrete.  Percentage  of  hooping  varie<i  thru  a  wide  range 
and  the  pitch  of  the  spiral  hooping  was  also  varied  U'twwn  wide 
limits.  Unfortunately  the  series  is  la<"king  in  a  corresponding  varia- 
tion in  the  ixTcentago  of  vertical  steel. 

On  the  whole,  thcs*-  .HiMH-imens  correspond  approximately  with 
results  indicateil  by  the  Consid^re  formula  and  exceed  these  results 
for  those  specimens  which  approach  desirable  proportions  in  point 
of  spacing  of  the  spiral  and  relation  of  the  vertical  steel  to  the  hoop- 
ing. 
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BACH  8    COLUMN    TESTS 
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Specimens  XI II  and  XIV.  in  which  the  pitch  of  the  Mptral  was 
escaggerated  gave  results  less  tlmn  th#.  formula,  pointing  to  the 
necessity  for  closer  spacing. 

In  specimens  II,  III,  IV,  VIII.  IX,  X,  XI  and  XII.  the 
tional  area  of  the  longitudinal  rods  was  small  and  the  results 
consequent!}'  indifferent,  but  the  greater  the  total  i^ight  of  spiral 
reinforcement  the  higher  were  the  values. 

The  tests  show  that  when  the  spirals  are  increi^ed  in  strength, 
their  pitch  must  \)e  decreased  and  the  cross  section  and  number 
of  vertical  rods  must  be  increasecl,  for  with  the  increase  of  spirals  the 
concrete  is  in  a  condition  to  resist  heavier  pressure  and  its  tendency 
to  force  its  way  out  between  the  longitudinal  rods  aad  the  spiral 
bands  increase. 

Elxamining  the  table  of  the  values  obtained,  the  increase  in 
strength  and  yield  point  value  per  one  percent  of  total  steel  is  found 
to  be  greatest  in  column  specimen  V,  in  which  the  spiral  reinforce- 
ment is  .88  percent  and  the  vertical  reinforcement  was  1.75.  In 
colunms  XII  and  XIII,  with  the  spiral  reinforcement  6.82  percent 
and  the  vertical  reinforcement  1.56  percent,  the  increase  percent  of 
total  reinforcement  at  the  yield  point  was  only  87  pounds  and  the 
increase  of  the  ultimate  strength  per  percent  of  the  ultimate  rein- 
forcement 286  pounds  per  square  inch,  showing  an  improper  propor- 
cion  of  the  spiral  and  vertical  reinforcement. 

On  noting  the  pitch  of  the  spiral  it  is  quite  noticeable  that  the 
specimen  with  a  small  pitch  gives  the  highest  resistance  per  percent 
of  steel.  In  none  of  these  specimens,  however,  are  the  longitudinal 
rods  of  sufficient  size  to  secure  the  l>est  results.  Had  5/8,  3/4  and 
1  inch  rods  l)een  used  in  place  of  l/4  inch,  7/l6  and  l/2  inch, 
much  higher  values  would  have  resulted  from  the  stiffness  of  the 
verticals  which  must  act  as  beams  from  coil  to  coil  in  resisting  out- 
ward or  bulging  pressures. 

The  following  table  gives  the  percentage  of  vertical  steel  and 

hooping  in  the  Phoenixville  testa,  see  Section  3. 
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102  THE   CONSIDERE    FORMtTLA   FOR  COLUMNS 

From  these  tests  it  may  be  observed  that  the  best  results  are  to 
be  secured  when  the  value  of  the  vertical  steel  as  an  element  of 
strength  is  approximately  the  same  as  the  hooping  according  to 
Considere's  formula,  Section  5.  In  other  words,  the  reinforcement 
should  be  so  proportioned  that  the  volume  of  the  hooping  for  this 
type  of  column  should  be  between  the  limits  of  35  and  45  percent  of 
the  volume  of  the  vertical  steel  to  secure  the  best  results  in  increas- 
ing the  yield  point  and  ultimate  strength  of  the  column.  Between 
these  limits  the  yield  point  value  of  the  columns  should  vary  from 
75  to  85  percent  of  the  ultimate  strength  of  the  specimen,  so  that 
due  warning  of  approaching  failure  is  given  by  the  member  while 
ample  margin  exists  between  the  safe  working  stress  and  that  point 
at  which  the  fireproofing  will  commence  to  scale  and  chip. 

5.  Considere  Formula.  As  we  have  pointed  out,  the  Con- 
sidere  formula  is  conservatively  applicable  to  the  vertically  rein- 
forced and  hooped  columns  provided  that  the  hooping  and  vertical 
steel  are  properly  proportioned.  With  no  vertical  steel,  the  yield 
point  value  of  the  column  is  not  sufficiently  raised  to  warrant  very 
material  increase  in  safe  working  stress  over  that  of  ordinary  types 
notwithstanding  the  fact  that  there  is  an  increase  in  the  ultimate 
resistance  and  large  deformations  occur  before  ultimate  failure. 

The  Considere  formula  for  column  resistance  is  as  follows: 

in  which  Ac  is  the  area  of  the  core,  Ag  the  area  of  the  longitudinal 
steel,  Agis  the  area  obtained  by  dividing  the  volume  of  the  hooping 
by  the  length  of  the  column.  The  coefficient  1.5  is  a  coefficient  which 
Considere  considers  represents  the  effect  of  the  hooping  in  increas- 
ing the  strength  of  the  core,  and  that  this  coefficient  is  a  maximum 
at  1.5  and  that  it  is  less  than  this  value  for  a  percentage  of  hooping 
which  does  not  furnish  a  resistance  equivalent  to  700  pounds  per 
square  inch  lateral  pressure  on  the  column. 

Morsch,  however,  and  also  Saunders,  in  discussing  the  Bach 
tests  where  the  percentage  of  steel  was  low,  seem  to  treat  this  co- 
efficient of  Considere  as  the  ratio  of  the  core  to  the  total  area  of 
the  column  (fireproofing  and  all).  In  most  building  ordinances  this 
coefficient,  however,  is  taken  as  unity.  2.4  times  the  volume  of  the 
hooping  is  figured  as  the  effect  of  the  stress  on  the  hooping  in  increas- 
ing the  crushing  resistance  of  the  core  by  the  lateral  pressure  brought 
about  by  the  stress  in  the  hooping  and  represents  the  resistance 
which  would  be  developed  were  the  hooping  in  the  form  of  cylinders 
and  filled  with  a  granular  mass  such  as  sand  subjected  to  pressure. 


comnons's  rw&n  lOJ 

Hence  2AA\  equals  the  cross  section  of  the  equiviUent  imagiii«ry 
verticals. 

Le  Genie  Civil,  Feb.  9,  and  16, 1907,  report«d  a  very  extenrive  series 
of  testa  by  Considdre  on  260  columnn  with  lengths  var>'inK  from 
3.15  in.  to  13  ft.  1^  in.  and  diameters  from  1.8  in.  to  27.5  ip.  The 
percentage  of  reinforcement  varied  from  1  to  14,  various  methods  of 
spiral  reinforcement,  including  concentric  spirals  were  tried.  The 
effects  of  richness  of  mixture,  age,  percentage  of  water,  ramming  and 
irregularities  in  workmanship  were  also  studied.  One  specimen 
having  12.9  percent  spiral  and  1.2  percent  longitudinal  reinforce- 
ment, and  made  from  a  mixture  containing  1830  lb.  of  cement  per 
cu.  yd.  of  sand  sustain,  il  2'),600  Ib./in.^  at  rupture.  A  similar 
specimen  having  only  6.6  percent  of  spiral  reinforcement  failetl  at 
17,200  Ib./in.^  at  rupture,  with  a  deformation  of  12  percent.  From 
these  and  previous  tests  Considdre  deduced  the  conclusions  that 
the  rupture  load  of  a  spirally  reinfored  concrete  column  exceeds  the 
sum  of  the  three  following  factors: 

1.  The  strength  of  the  plain  concrete  times  1.5. 

2.  The  strength  of  the  longitudinal  rods  stressed  to  their  yield 
point. 

3.  The  strength  of  a  longitudinal  reinforcement  of  2.4  times 
the  weight  of  the  spiral  stressed  to  its  yield  point. 

Turner,  in  the  design  and  guarantee  of  strength  for  working  sovera 
hundred  thousand  columns  has  used  the  Considdre  formula  slightly 
mo<lified,allowing  800  pounds  per  square  inch  on  a  1 :  2:  4  mix,  12,000 
pounds  per  square  inch  on  the  vertical  steel,  16,000  pounds  per  sciuare 
inch  on  the  hooping,  treating  the  spirals  as  imaginary  verticals  having 
a  volume  2.4  times  the  volume  of  the  hooping.  For  these  values 
the  ratio  of  the  length  of  the  column  to  its  diameter  should  not  exceed 
12.  For  a  longer  column  increase<l  vertical  .steel  should  l^e  used  to 
resist  flexure.  Where  the  vertical  resistance  of  the  concrete  developed 
by  the  hooping  exceeds  2000  pounds  per  square  inch  the  proportion 
of  the  mix  should  Ix'  increastKl  from  1  :  2  : 4  to  1  :  1 J  :  3,  and  extra 
care  should  be  use<l  in  the  selection  of  the  stone  aggregate  to  s<m'  that 
it  is  hard  and  satisfactory.  Screened  gravel  is  preferable  where  high 
working  pressures  are  used  in  the  columns.  To  be  efficient,  spiral 
hooping  should  not  exceed  a  4"  pitch  when  combined  with  not  less 
than  four  vertical  rtnls  and  these  should  \>e  limited  to  a  minimum 
diameter  of  3/4  of  an  inch  for  columns  carrjing  moderate  loads, 
or  to  a  pitch  not  exceeding  3"  if  the  full  value  above  recommended 
is  to  be  used  in  considering  the  hooping.  A  re<luction  of  the  allow- 
ance on  the  vertical  steel  should  be  made  where  th<'  spacing  of  the 
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vertical  bars  exceeds  9"  center  to  center  in  proportion  to  fift}-  perc^ct 
of  the  increase  in  spacing  of  the  bars. 

6.  Safe  Ultimate  Limit  of  Compression.  A  wonderful  degree 
of  strength  which  may  be  developed  by  properly  hooped  and  longi- 
tudinally reinforced  concrete  columns  is  established  by  the  Considere 
experiments  and  it  becomes  a  question  as  to  how  great  values  it  is 
permissible  to  use.  Turner  has  found  it  permissible,  where  small 
diameters  are  desired,  to  use  as  the  approximate  limit  of  safe  design 
a  working  stress  as  high  as  4000  pounds  per  square  inch  of  cross 
section  of  the  core  including  the  vertical  steel.  Under  these  ulti- 
mate conditions  it  is  recommended  that  the  column  should  have 


Fig.  129. 


Cut  showing  reinforcement  of  column  carrying  working  pressure  of  4000  pounds  per 
inch  on  the  core. 


enough  vertical  steel  to  carry  the  entire  lead  at  little  more  than  the 
yield  point  value,  say  at  50,000  pounds  per  square  inch:  that  there 
be  sufficient  hooping  to  develop  the  value  of  the  load  figured  at 
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40,000  pounds  per  square  iiuii  on  iiiiaginary  vt-rticaid  conreqxmding 
to  2.4  times  the  volume  of  the  hooping;  and  that  the  grots  area  of 
the  column  inside  the  fireproofing  should  be  sufficient  to  carry  the 
load  at  4000  poundit  [mt  Mjuare  inch. 

7.  The  Mode  of  Operation  of  the  Reinforcement  in  CoocreCa 

Columns.  In  a  practical  concrete  structure,  as  a  rule,  the  load 
is  brought  on  the  column  thru  the  beams  or  the  concrete  of  the  slab 
and  the  load  is  transferred  to  the  vertical  steel  thru  the  medium  of 
the  concrete  by  the  lx)nd  between  the  concrete  and  the  steel. 

In  the  tests  by  Withey  and  those  of  some  other  American  inves- 
tigators, the  load  on  the  test  specimens  was  transforretl  directly 
to  the  steel  by  direct  bearing  between  the  longitudinal  reinforce- 
ment and  the  'face  plate  of  the  testing  machine.  This  makes  an 
important  difference  in  the  mode  of  operation  of  the  column.  The 
vertical  steel  is  a  more  rigid  element  under  compression  than  the  con- 
crete and  if  the  load  be  not  appKed  directly  to  the  steel  but  be  brought 
on  the  steel  thru  the  surrounding  matrix,  the  coaction  of  the  two 
materials  is  brought  about  by  bond  shear  and  indirect  stress  gen- 
erated by  the  bond  shear  between  the  steel  and  the  concrete.  Now, 
since  there  is  no  slipping  of  the  steel  in  the  concrete  within  the  yield 
point  of  the  column,  the  same  amount  of  potential  energj-  or  work 
of  deformation  Is  stored  up  by  the  indirect  stress  of  the  bond  shear 
between  the  concrete  and  the  steel  as  is  stored  directly  in  the  steel. 
Hence  it  appears  that  in  this  case  the  steel  by  help  of  bond  shear 
operates  to  store  energ>-  more  efficiently  up  to  the  point  where  cracks 
and  checks  occur  in  the  concrete  than  a  mere  comparison  of  the  rela- 
tive moduli  of  steel  and  concrete  would  indicate. 

This  phase  of  the  co-operation  of  the  steel  and  the  concrete  in 
the  column  requires,  for  its  greatest  efficiency,  a  strong,  rich,  con- 
crete, in  order  that  the  most  dependable  bond  may  be  secured. 

If,  however,  the  load  l>e  brought  upon  the  steel  by  a  rigid  bear- 
ing Ixtw. .  li  the  face  plate  of  the  testing  machint-  and  tlu-  steel  of 
the  longitudinal  reinforcement  and  in  like  manner  on  the  concrete 
core,  such  a  Ix'aring  makes  the  ela.stic  defonnation  of  the  steel  the 
same  as  that  of  the  concrete  thruout,  and  no  elastic  efficiency  by 
coaction  of  the  concrete  and  metal  exists,  such  as  occurs  in  the 
practical  structure. 

8.  Effect  of  Hooping.  The  crushing  of  solid  bodies  cannot 
take  place  without  lateral  swelling.  Therefore,  by  reaitting  any 
such  swelling,  the  compreesive  resiatance  of  the  column  b  increaaed. 
In  the  practical  colunm  this  resistance  to  lateral  bulging  or  swelling 
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is  furnished  by  the  hooping  in  which  the  spacing  should  be  limited 
generally  to  four  inches  for  light  pressures  and  closer  spacing  for 
higher  pressures.  As  the  hooping  is  brought  into  play  by  lateral 
swelling  or  bulging,  the  degree  of  restraint  furnished  by  the  hooping 
alone  is  not  uniform  and  this  lack  of  uniformity  causes  the  concrete 
to  check  and  crack  outside  of  the  hooping  under  pressures  as  large 
approximately  as  the  ultimate  strength  of  plain  concrete. 

The  addition  of  vertical  steel  distributes  the  bulging  pressure 
from  band  to  band  or  hoop  to  hoop  to  such  an  extent  that  the  ver- 
tical steel  which  has  been  added  forms  beams  spanning  the  spaces 
between  coils  or  bands  and  does  so  to  an  extent  measured  by  the 
more  or  less  close  spacing  of  the  vertical  bars.  In  other  words, 
the  vertical  reinforcement  receives  lateral  pressures  between  the 
hoops  and  transfers  it  to  the  hoops  as  supports.  This  action  des- 
troys the  equilibrium  of  uniform  pressure  outward  upon  the  hoops 
and  tends  to  deform  the  configuration  of  the  circular  hoop  frdm 
circles  to  polygons  having  apices  at  the  point  of  bearing  of  the  ver- 
tical steel  against  the  hoops.  This  action  between  the  vertical  steel 
and  the  hooping  induces  indirect  stresses  between  the  hoops  and 
the  vertical  bars  similar  to  those  in  the  slab  with  two  way  reinforce- 
ment. 

The  outer  shell  of  the  concrete  is  subjected  to  direct  compression 
vertically  and  circular  tensions  horizontally,  brought  about  by  the 
bulging  tendency.  These  circular  tensions  are  reduced  between 
verticals  by  the  compression  brought  about  by  the  tendency  to 
change  configuration  in  the  hooping  just  mentioned,  while  the  ring 
tension  opposite  verticals  is  increased  by  this  action.  The  lateral 
reinforcement  by  its  compressive  action  exerts  a  powerful  effect 
to  resist  bulging  and  to  prevent  circumferential  elongations  so  that 
the  reinforcement  (both  lateral  and  longitudinal),  enables  it  to 
withstand  much  greater  deformations  without  cracking  or  checking 
than  would  be  otherwise  possible. 

Let  us  review  the  action  of  the  column  as  the  load  is  applied  with 
reference  to  the  manner  in  which  the  potential  energy  of  internal 
work  is  stored  within  the  structure.  As  the  load  is  gradually  applied 
we  have  a  certain  elastic  deformation  and  the  internal  work  is  the 
mean  weight  times  the  deformation.  If  yielding  of  the  material 
occurs  or  scaling  of  the  shell,  a  certain  amount  of  energy  is  dissipated, 
equilibrium  is  destroyed,  and  new  energy  is  developed  by  downward 
motion  of  the  load  thru  increased  deformation  until  a  new  condition 
of  stability  of  equilibrium  in  established. 
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Scaling  and  cracking  of  the  shell  meanji  a  loss  of  potential  energy 
stored  and  correspt)n(lingly  larger  deformations  which  are  inadmis- 
sible in  the  practical  structure.  The  addition  of  vertical  steel 
prevents  this  checking  and  scaling  and  dissipation  of  energ>'  I>ecaus6 
it  provid<»a  a  storage  system  of  energ>'  which  is  stable  and  in  which 
the  storage  of  energy  by  indirect  stress  can  lx»  depended  upon. 

Coaction  between  the  hoops  and  the  vertical  sjLcel  reduces  the 
deformation  and  hence  the  quantity  of  potential  energy  stored  for 
a  given  load  and  correspondingly  increases  the  efficiency  of  the 
structure  as  a  load  carrying  mechanism. 

9.  Comparison  of  Test  Data.  Having  pointed  out  in  detail, 
the  difference  in  action  between  these  two  kinds  of  columns,  it  is  in 
order  to  compare  test  data.  Column  Table  V,  gives  the  reinforce- 
ment, percentage  of  steel,  and  test  results  by  Withey*  of  a  series 
of  vertically  reinforced  and  hooped  columns  with  vertical  steel 
flush  with  the  ends  and  resting  against  bearing  plates.  These  may 
be  compared  with  the  tests  by  Bach,  and  the  tests  at  Phoenixville. 

Taking  up  the  comparison,  first,  with  the  series  by  Bach,  the  fol- 
lowing point  of  difference  is  noticeable.  The  test  results  obtained 
by  Withey  can  be  substantially  accounted  for  by  considering  the 
influence  of  the  concrete  and  vertical  steel  alone.  The  test  results 
by  Bach,  cannot  be  accounted  for  in  this  manner.  Both  series  show 
that  hooping  adds  toughness.  Both  indicate  that  larger  vertical  rods 
have  more  effect  in  raising  the  yield  point  than  rods  of  too  small 
diameter,  which  offer  little  resistance  to  lateral  l)ending.  The 
Bach  tests,  where  the  spiral  pitch  of  is  not  too  great,  and  where 
larger  vertical  rotls  are  used  with  close  spacing  of  spirals,  are  in 
good  accordance  with  the  Consid^re  formula;  while  the  tests  by 
Withey  are  not  in  agreement  but  are  in  more  close  agreement  with 
a  different  formula,  which  considers  the  manner  in  which  the  load 
is  brought  upon  the  steel,  namely,  by  direct  pressure  instead  of 
by  bond  shear  as  in  u.sual  operation  of  the  column  in  practical 
building. 

Comparing  the  tests  by  Withey  with  those  at  Phoenbcville,  the 
longitudinal  reinforcement  of  the  columns,  in  specimens,  J,  .V,  f*, 
O,  R,  and  Q,  is  substantially  the  same;  while  the  hcmping  in  the 
Phoenixville  tests  ^xtm  much  greater.  The  increase  in  ultimate 
strength  in  the  Phoenixville  t«'st,  for  one  percent  of  total  steel,  ranges 
from  two  to  three  times  as  much  as  in  the  testa  by  Withey.    This 

•Bulletin  of  the  Univ«ruty  of  WiMOiMiB.  No.  406. 
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COL.  TABLE  V 
Withey's  Tests  of  Hooped  Columns  Longitudinal  Steel  Full  Length  of  Shaft 


Reinforcement 

Percent 

Ulti- 

Stress 

Com- 

Reinforce- 
ment 

mate 

strength 

at  yield 
pt.  in 

Round 

Vertical 
Rods 

Core 

Age 

pressive 
strength 

Col. 

Spiral 

area 
sq. in. 

in 
days 

Mix 

lbs  /  sq,in 
P/A 

core 

lbs  /sq.in 

Pl/A 

Pl/P 

of 

No. 

Longi- 

La- 

cylinders 

tudi- 

lbs/sq.in 

No. 

Size 

Size 

Pitch 

nal 

teral 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

CI 

0 

0 

i" 

rd. 

1" 

0 

2,00 

78,5 

62 

1-2-4 

4,660 

2,720 

0,58 

2,280 

C2 

0 

0 

i" 

" 

1" 

0 

2,00 

78,5 

62 

1-2-4 

4,390 

2,330 

0,53 

2,190 

C3 

0 

0 

i" 

" 

1" 

0 

2,00 

78,5 

64 

1-2-4 

3,660 

1,950 

0,53 

2,180 

C4 

0 

0^^ 

i" 

" 

1" 

0 

2,00 

78.5 

65 

1-2-4 

3,410 

2,330 

0,68 

2,150 

Dl 

9 

i" 

" 

1" 

3.50 

2,00 

78.5 

58 

1-2-4 

4,470 

3,290 

0,74 

2,150 

D2 

9 

i" 

" 

1" 

3.50 

2,00 

78,5 

60 

1-2-4 

4,200 

3,480 

0,83 

2,130 

D3 

9 

i" 

" 

1" 

3.50 

2,00 

78.5 

61 

1-2-4 

4,970 

3,860 

0,77 

2,380 

D4 

9 

1" 

4 

" 

1" 

3.50 

2,00 

78,5 

62 

1-2-4 

5,360 

3,670 

0.68 

2,350 

HI 

0 

(1 

No. 

7 

2" 

0 

0,50 

78,5 

57 

1-2-3.5 

2,330 

1,950 

0.84 

2,040 

H2 

0 

0 

No. 

7 

2" 

0 

0,50 

78,5 

57 

1-2-3.5 

2,140 

1,760 

0.82 

*1,460 

Gl 

8 

i" 

No. 

7 

2" 

2.00 

0,50 

78,5 

49 

1-2-3.5 

3,320 

2,710 

0,82 

2,100 

G2 

8 

i" 

No. 

7 

2" 

2.00 

0,50 

78,5 

58 

1-2-3.5 

3,280 

2,710 

0,83 

*1,420 

I   1 

8 

H" 

No. 

7 

2" 

3.78 

0,50 

78.5 

57 

1-2-3.5 

4,240 

3,660 

0,87 

2,240 

I  2 

8 

W 

No. 

7 

2" 

3.78 

0,50 

78,5 

57 

1-2-3.5 

4,080 

3,280 

0,80 

2,120 

J  1 

8 

\" 

No. 

7 

2" 

6.11 

0,50 

78,5 

58 

1-2-3.5 

5,190 

4,240 

0,82 

2,110 

J  2 

8 

\" 

No. 

7 

2" 

6,11 

0,50 

78.5 

58 

1-2-3.5 

5,050 

4,240 

0,84 

2,000 

L  1 

0 

0 

No. 

7 

2" 

0 

0,50 

78,5 

57 

1-2-3.5 

2,680 

1,370 

0.51 

1,780 

L2 

0 

0 

No. 

7 

2" 

0 

0.50 

78,5 

58 

1-2-3.5 

2,600 

1,370 

0.53 

1,760 

Kl 

8 

i" 

No 

7 

1" 

2.00 

1,00 

78,5 

57 

1-2-3.5 

4,050 

2,710 

0.67 

2,100 

K2 

8 

i" 

No. 

7 

1" 

2.00 

1,00 

78,5 

57 

1-2-3.5 

3,760 

2,520 

0,67 

1,890 

Nl 

8 

H" 

No. 

7 

1" 

3.78 

1,00 

78,5 

57 

1-2-3,5 

4,050 

3,470 

0,86 

1,880 

N2 

8 

%', 

No. 

7 

1" 

3,78 

1,00 

78,5 

58 

1-2-3,5 

4,340 

3,280 

0,76 

1,720 

Ml 

8 

I 

No. 

7 

1" 

6,11 

1.00 

78,5 

57 

1-2-3.5 

4,790 

3,860 

0.81 

1,660 

M2 

8 

I" 

No. 

7 

1" 

6,11 

1,00 

78,5 

58 

1-2-3,5 

4,580 

3,660 

0,80 

1,710 

P  1 

8 

1" 

No. 

7 

1" 

8,00 

1,00 

78,5 

57 

1-2-4 

6,760 

5,560 

0,82 

2,380 

P2 

8 

1" 

No. 

7 

1" 

8,00 

1.00 

78.5 

60 

1-2-4 

7,090 

5,760 

0,81 

2,350 

Ol 

8 

i" 

i" 

rd. 

1" 

6,11 

1,96 

78.5 

57 

1-2-4 

6,510 

4,240 

0,65 

2,270 

02 

8 

i" 

i" 

" 

1" 

6,11 

1.96 

78.5 

57 

1-2-4 

6,650 

4,620 

0,70 

2.690 

Rl 

8 

1" 

i" 

« 

1" 

8.00 

1.96 

78,5 

53 

1-2-4 

7,250 

5,000 

0,69 

2,310 

R2 

8 

1" 

i" 

" 

1" 

8,00 

1.96 

78,5 

53 

1-2-4 

6,680 

5,380 

0,80 

2,470 

Ql 

8 

li" 

i" 

« 

1" 

10,12 

1,96 

78.5 

53 

1-2-4 

6,190 

5,190 

0,84 

2,280 

Q2 

8 

U" 

i" 

" 

1" 

10,12 

1,96 

78.5 

53 

1-2-4 

7,990 

6,340 

0,79 

2,330 

Wl 

0 

0 

0 

0 

0 

0 

86,6 

52 

1-2-4 

2,660 

2,600 

W2 

0 

0 

0 

0 

0 

0 

86,6 

52 

1-2-4 

2,660 

2.400 

W3 

0 

0 

0 

0 

0 

0 

86,6 

51 

1-2-4 

2,480 

2,250 

Note:     All  spirals  10"  in  diameter.     Cols.  C1-D4  are  120"-lg.     All  other  cols.  102"-lg. 


wide  discrepancy,  apparently  can  be  accounted  for  only  as  above 
outlined,  since  the  discrepancy  is  far  too  great  for  it  to  be  possible 
to  account  for  it  on  the  ground  of  difference  in  the  strength  of  the 
concrete.  The  concrete  in  the  test  of  the  Phoenixville  specimens 
is  undoubtedly  closely  comparable  to  the  concrete  of  the  specimens 
tested  by  Bach,  and  it  is  undoubtedly  a  somewhat  better  grade  than 
the  concrete  in  the  specimens  tested  by  Withey. 

The  conclusions  that  the  authors  draw  from  these  tests  are: 

That  it  is  bad  practice  to  splice  longitudinal  reinforcing  bars 
by  bearing  of  one  bar  upon  the  other. 

That  it  is  better  to  lap  bars  of  consecutive  columns  at  the  floor 
line  in  order  that  a  natural  adjustment   may   take   place   between 
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the  materials  as  the   load  is  brought  upon  the  concrete  during 
erection. 

That  a  column  constructed  by  lapping  the  bars,  so  that  the  natural 
relations  between  the  reinforcement  and  the  concrete  are  ood- 
served,  that  is,  that  indirect  stress  of  the  !x>nd  shear  may  l)e  effective, 
substantially  doubles  the  efficiency  of  the  vertical  steel;  and  hence 
this  detail  of  reinforcing  should  be  use<l.  If  this  efficiency  is  to  be 
counted  upon,  the  diameter  of  the  vertical  bars  should,  for  like 
reason,  be  limited  preferably  to  1|  inch  diameter,  or  in  special  cases 
of  heavy  work  to  Ij  inches  to  1|  inch  round  bars. 

That  the  hooping  should  not  be  spaced  further  apart  than  four 
inches  for  light  pressures,  and  closer  spacing  should  be  used  for  heavy 
pressures. 

That  the  spacing  of  the  vertical  bars  should  not  exceetl  nine 
inches  between  centers,  but  if  spaced  further  apart  their  efficiency 
i^hould  be  considered  to  be  reduced  by  fifty  percent  of  the  relative 
increase  in  spacing. 

10.  Formula  for  Columns,  where  the  Load  is  Brought  upon 
the  Steel  by  Direct  Bearing  on  Metal.  Test.^  of  this  type  of  column 
show,  up  to  the  yield  point,  so-called,  that  the  effect  of  the  hooping 
is  relatively  small;  that  beyond  the  yield  point  the  hooping  is  brought 
into  play,  giving  the  column  a  degree  of  toughness  and  ability  to 
stand  increased  load  without  sudden  failure,  altho  accompanied 
by  considerable  deformation.  Neglecting  the  circumferential  rein- 
forcement and  the  concrete  outside  of  it, 

Let  A   s  area  of  core  occupied  by  concrete  and  longitudinal  rein> 
forcement  having  a  steel  ratio  of  p,  so  that 

A,  »  pA  »  cross  section  of  longitudinal  steel. 

i4e  ■  (1  —  p)  A  «  cross  section  of  concrete  core. 

W  «  total  load  to  yield  point  that  column  would  carrv  witliout 

circumferential  steel. 
ei  «  .00125"  ">    average   deformation   per   unit   of   length   at 

yield  point  of  column. 
W  -  (.4,  £,  +  A,  E,)ei.     Let  E^E,  -  n,  then 
w  W/A  -i?.f,l(l-p)/n-hpl 
is  the  load  at  yield  pcint  per  unit  of  cross  section  of  concrete. 

Let  E,  -  30,000,000,  and  n  -  15;  then 

w  -  37.500  I  (1  —  p)/l5  -H  p'  1  -  2500  -f  35.000  p 
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The  point  here  designated  on  the  diagram  of  unit  deformations 
and  load  is  at  intersection  P  of  the  tangents  to  the  two  slopes  of 
the  curve,  Fig.  130. 

Equation  (1)  is  in  good  agreement  with 
the  series  of  tests  made  by  Professor  M. 
O.  Withey,  C.  E.,  in  1910,  at  the  Uni- 
versity of  Wisconsin,*  with  longitudinal 
reinforcement  from  1  percent  to  10  per- 
cent and  circumferential  reinforcement 
from  0.5  percent  to  2  percent,  given  in 
Col.  Table  V.  *  Professor  Withey  has 
written  empirical  formulas  for  several 
different  percentages  of  circumferential  re- 
Fig  130    Diagram  Showing      iuforccmcnt  which  differ  slightly  from  this 

ilastic  Curve  of  Column  ^^^   f^^^   ^^^^   ^^^^^.  y^^^   ^^^^   ^^    ^^^    ^^_ 

fer  precisely  to  the  point  P  as  above  defined,  but  to  a  slight^j' 
smaller  value  of  W.  The  point  P  does  not  actually  fall  on  the  test 
curve  of  unit  deformations  and  loads,  but  is  so  related  to  it  geometri- 
cally as  to  make  its  use  advisable.  The  actual  deformation  at  this 
load  will  be  somewhat  in  excess  of  the  assumed  value  of  ei. 

On  page  49,  in  Bulletin  466,  University  of  Wisconsin,  the  follow- 
ing conclusions  are  drawn  from  the  results  of  these  tests  regarding 
the  behavior  of  columns  with  rigid  metallic  bearing  for  the  longitud- 
inal reinforcement  built  of  concrete  similar  to  those  tested  by  Withey. 

1.  "Closely  spaced  spiral  reinforcement  will  greatly  increase 
the  toughness  and  will  considerably  increase  the  ultimate  strength 
of  a  concrete  column,  but  will  not  materially  affect  the  yield  point. 
The  ultimate  strength  under  dead  load  will  doubtless  be  some- 
what less  than  the  value  obtained  from  a  testing  machine.  Since 
spiral  reinforcement  should  be  employed  principally  as  a  factor 
of  safety  against  sudden  collapse,  more  than  one  percent  does  not 
appear  to  be  necessary.  On  account  of  lack  of  stiffness  in  columns 
made  from  this  grade  of  concrete  and  reinforced  with  spirals  only, 
it  seems  necessary  to  use  some  longitudinal  steel. 

2.  "Longitudinal  steel  in  combination  with  such  spiral  rein- 
forcement raises  the  yield  point  and  ultimate  strength  of  a  column 
and  increases  its  stiffness.  As  was  shown  in  Bulletin  No.  300 
columns  reinforced  with  longitudinal  steel  only  are  brittle  and 
fail  suddenly  when  the  yield  point  of  the  steel  is  reached;  but 
they  are  considerably  stronger  than  plain  concrete  columns  made 
from  the  same  grade  of  concrete. 

3.  "From  behavior  under  test  of  the  columns  reinforced  with 
spirals  and  vertical  steel  and  the  results  computed,  it  would  seem 
that  a  static  load  equal  to  30  to  40  percent  of  the  yield  point  would 
be  a  safe  working  load." 

♦Bulletin  No.  466. 


I 
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These  tests  are  conclusive  as  regards  the  deportment  of  the  column 
without  vertical  steel.  Spiral  reinforcement  gives  a  large  increaae 
in  the  ultimate  strength  and  while  providing  safety  against  sudden 
collapse,  does  not  increase  the  yield  point  at  which  the  fi^eproofil^; 
commences  to  scale,  and  hence  does  not  permit  material  increase 
in  the  working  stress  over  that  of  the  vertically  reinforced  column 
types  with  ordinar>-  ties. 

II.  Working  Stresses,  (a)  The  case  of  no  direft  metallic  bear- 
ings. In  the  vertically  reinforced  and  hooped  column,  in  which  the 
hooping  follows  closely  the  percentage  of  the  vertical  steel  recom- 
mended previously,  namely,  .35  to  .45  of  the  volume  of  the  verticals, 
and  the  verticals  are  not  less  than  three  quarters  of  an  inch  in 
diameter,  and  spaced  approximately  as  recommended,  the  yield 
point  of  the  column  may  l>e  taken  as  eighty  percent  of  the  ultimate 
strength.  This  would  give  a  yield  point  value,  for  a  column  to 
which  the  Considere  formula  is  applicable  of  .80  x  1.5  —  1.2  times 
the  crushing  strength  of  the  concrete  times  the  core  area,  plus  eighty 
percent  of  the  yield  point  value  of  the  steel  in  verticals  and  hoops. 

Since  a  column  of  this  character  may  be  dei)ended  upon  with 
certainty,  if  ordinar>'  care  is  used  in  erecting  the  work,  the  factor 
of  safety  of  2.5  may  be  employed.  This  would  give,  in  round 
numl)er8,  800  pounds  per  square  inch  for  the  concrete  of  the  core, 
12,000  pounds  per  inch  on  the  verticals,  and  16,000  pounds  per  square 
inch  on  the  hooping,  treated  as  imaginary'  verticals,  for  the 
working  stress,  the  hooping  being  assumed  to  be  a  drawn  wire,  and 
{assessing  a  higher  yield  point  than  the  material  of  the  verticals. 

With  a  1  :lj  :3  mix,  twenty  percent  higher  values  may  be 
assigned  to  the  core. 

(6)  Metallic  bearings.  Where  vertical  reinforcement  is  used, 
and  the  load  is  brought  on  the  vertical  steel  by  bearing  on  metal, 
there  is  much  less  certainty  of  uniformity  of  joint  action  between 
the  matrix  and  the  reinforcement  than  where  the  longitudinal  bars 
are  lapped;  and  hence  a  somewhat  higher  margin  of  safety  should 
be  allowe<i.  Taking  this  margin  of  safety  as  the  reciprocal  of  3}, 
the  writers  would  recommend  a  working  stress  not  exceetiing  700 
pounds  per  square  inch  on  the  concrete  plus  10,000  pounds  per  square 
inch  on  the  vertical  steel  for  this  type  of  column  with  rigid  end 
bearing,  limiting  the  percentage  of  h(x)ping  to  not  less  than  one 
half  of  one  percent  nor  less  than  twenty  percent  of  the  vertical  steel, 
and  the  vertical  steel  limited  to  not  more  than  eight  percent  of  the 
column  area.  This  factor  of  safety  is  based  on  the  yield  point  value 
of  the  column. 
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12.  Structural  Columns  Filled  with  Concrete.  As  steel  is  more 
rigid  than  concrete,  the  higher  the  percentage  of  the  steel  the  less 
the  assistance  we  may  expect  the  concrete  to  be  to  the  steel,  and 
while  the  formulas  given  heretofore  for  the  column  in  which  the 
vertical  steel  is  loaded  in  large  part  by  direct  bearing  of  metal  on 
metal  agrees  with  tests  closely,  it  should  be  noted  that  the  per- 
centage of  steel  in  these  specimens  was  not  high.  Accordingly, 
it  would  seem  conservative  to  reduce  the  allowance  on  concrete  in 
cases  where  the  percentage  of  steel  exceeds  eight  percent  of  the 
combined  area  of  the  concrete  and  steel  in  proportion  to  the  in- 
crease in  steel  above  this  percentage. 

13.  Concrete  Columns  Compared  to  Structural  Steel.  From 
the  Phoenixville  tests,  it  would  seem  that  there  is  a  higher  degree  of 
uniformity  in  the  tested  strength  of  reinforced  concrete  columns 
made  with  ordinary  care  and  with  well  designed  reinforcement 
than  with  average  structural  steel  columns.  The  reason  'is 
that  in  the  concrete  column,  we  have  a  solid  core.  The  larger  the 
column  the  greater  the  strength,  in  strong  contrast  with  some  struc- 
tural steel  columns.  In  the  structural  steel  columns,  we  have  the 
uncertainty  due  to  the  form  and  make-up  of  the  section.  In  the 
make-up  of  most  small  struts  and  columns  constructed  of  steel  and 
iron,  we  have  a  specific  ratio  of  the  area  of  the  web  and  flanges  con- 
sisting of  channels,  or  in  other  forms,  a  complete  circular  or  box 
section,  such  as  the  Phoenix  column  or  the  box  made  up  of  two  chan- 
nels and  two  plates.  The  semi-empirical  formula  for  struts  has 
been  worked  out  for  the  radius  of  gyration  of  those  forms  of  sections 
which  are  comparable  in  the  case  of  laced  channel  struts  to  a  certain 
distribution  of  metal  between  the  web  and  the  flange  and  a  certain 
ratio  of  flange  width  to  depth,  which  ratios,  under  standard  sections, 
are  comparable  to  the  box  and  Phoenix  sections.  When  there  is  a 
wide  variation  from  these  proportions,  the  formula  based  on  the 
radius  of  gyration  is  inapplicable  as  is  proved  in  the  original  design 
of  the  columns  of  the  Quebec  Bridge.  In  this  case  the  area  of  the 
flange  as  compared  to  the  web  was  about  one  tenth  of  this  standard 
proportion  between  the  area  of  the  web  and  the  channel,  and  there 
is  no  experimental  data  in  existence  covering  the  action  of  the  lat- 
ticed bars  and  secondary  stress  for  such  a  combination. 

In  concrete  work  such  uncertainties  are  eliminated  by  the 
uniform  solid  core.  With  ordinary  care  there  can  be  no  doubt 
about  securing  a  solid  casting,  if  the  type  of  reinforcement  selected 
is  that  recommended  in  this  chapter,  namely,  one  in  which  there  is 
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no  obstruction  whatever  In  the  core  to  prevent  the  concrete  from 
flowing  freely  and  filling  the  same  completely  and  so  teeuring  a 
solid  casting.  Improper  handling  of  the  concrete  might  lead  to 
considerable  reduction  of  the  strength  of  the  section,  but  the  damafe 
which  might  occur  thru  bad  workmanship  is  if  anything  much  less 
in  concrete  work  than  in  stei'l  construction  and  th**  (onfKimce  of  the 
builder  in  the  integrity  of  his  concrete  work  should  be  correspond- 
ingly greater. 

14.  Wall  Columns  and  Interior  Columns  in  Skeleton  Con- 
struction. Wall  columns  differ  from  the  interior  coluom  in  that 
the  load  comes  to  them  from  one  side  instead  of  equally  or  approx- 
imately equally  from  all  directions  as  it  does  under  a  unifonn  loatl 
on  the  floors. 

Whether  the  floor  is  beam  and  girder  con>tru<  tion  or  flat  slab 
construction  supported  directly  upon  columns  in  view  of  the  mono- 
lithic connection  l>etween  the  floor  and  the  columns  certain  eccen- 
tric loads  or  bending  stresses  are  brought  upon  the  wall  columns  to 
a  greater  extent  than  is  the  case  with  interior  columns. 

The  amount  of  bending  induced  in  the  column  will  depend,  first 
on  the  rigidity  of  the  floor,  and  second,  upon  whether  the  resistance 
of  the  floor  to  deformation  is  furnished  by  beam  action  or  circuni" 
ferential  slab  action.  If  tlir  rt.sistance  is  by  circuinfmntial  slab 
action,  the  effect  upon  the  column  is  far  less  for  the  same  deflection 
than  it  would  be  in  case  of  beam  action,  because  the  slab  tends  to 
twist  from  all  directions  and  so  in  a  large  measure  the  effect  of  the 
load  in  producing  bending  and  deformation  of  the  column  is  counter 
balance<l  by  the  loads  coming  to  the  column  from  the  sides  instead 
of  being  augmented  by  these  loads  so  much  as  is  the  case  in  the  beam 
action  of  one-way  reinforcement. 

Favoring  Conditions.  The  walls  of  a  building  are  made  vertical 
and  as  the  numl>er  of  stories  increases,  the  columns  are  reduced  in 
diameter,  but  kept  flush  or  vertical  on  the  outer  face.  This  produces 
an  eccentric  application  of  the  column  loa<l  from  the  upper  stories 
upon  the  columns  of  the  lower  stories  which  in  some  large  measure 
off-aets  and  holds  in  equilibrium  the  benrling  moment  of  the  floor 
loads. 

Little  attention  is  usually  paid  to  this  difference  in  conditions. 
The  wall  column  is  commonly  made  approximately  the  same  as  the 
interior  column  except  in  the  upper  stories  where  it  is  ponible  to 
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carry  the  wall  columns  up  for  the  last  three  stories  without  reduction 
in  size,  making  thereby  a  provision  for  the  columns  of  these  upper 
stories  which  would  be  most  affected  by  the  eccentric  bending 
moment  referred  to. 

Good  practice  would  limit  the  dimensions  of  columns  to  sixteen 
inches  as  a  minimum  size  in  office  buildings  and  in  warehouse  con- 
struction, eighteen  inches  as  a  minimum. 

Provision  of  material  in  the  beam  to  take  the  entire  bending 
resistance  figured  as  simply  supported  at  the  wall  column  and  con- 
tinuous over  the  interior  columns  will  in  no  wise  eliminate  this  bend- 
ing stress  in  the  column  itself,  and  does  not  excuse  failure  to  make 
such  provision. 

In  fact  if  the  beams  are  treated  as  beams  fixed  at  the  inner  ends 
and  free  at  the  outer  end,  and  the  five  rod  type  of  reinforcement 
used  in  the  Turner  beam  is  adopted,  the  positive  moment  provided , 
for  near  mid  span  is  W  L/14.4  nearly,  or  .07W  L,  while  the  max- 
imum positive  moment  in  the  beam  freely  supported  and  continuous 
over  a  number  of  spans  in  the  end  span  requires  a  coefficient  of  from 
0.07  for  two  spans  to  .08  for  three  spans,  and  .077  or  .78  for  a  greater 
number,  so  that  in  this  type  of  design  there  is  nearly  sufficient  pro- 
vision without  considering  the  stiffness  of  the  wall  column.  Never- 
theless, in  the  view  of  the  authors  the  provision  recommended  should 
be  followed  in  practice. 

Bending  from  Wind  Pressure.  In  view  of  the  monolithic  charac- 
ter of  reinforced  concrete  construction,  wind  has  much  less  effect  on 
a  structure  of  this  kind  than  is  the  case  with  the  steel  frame,  since 
each  floor  forms  a  monolith  of  enormous  lateral  rigidity  causing 
columns  all  to  act  in  perfect  unison.  Where  the  building  is  narrow 
the  columns  should  be  fully  spliced  at  the  floor  level  which  doubles 
the  resistance  of  the  column  to  flexure.  Where  the  buildings  are 
broad  and  only  six  to  eight  stories  in  height,  provision  of  this  charac- 
ter is  unnecessary  except  in  wall  columns  which  should  be  well 
spliced. 

15.  Temperature  Effect  on  Columns.  Changes  in  temperature 
cause  expansion  and  contraction  of  the  concrete  floor.  This  is 
taken  up  by  bending  in  the  column  and  the  in  and  out  motion  of 
the  walls  where  they  are  above  the  ground  line.  There  is,  however 
a  tendency  for  the  basement  walls  to  crack  every  thirty  or  forty 
feet  because  of  the  restraint  of  the  surrounding  earth.  There  is  a 
further  tendency  for  brick  walls  to  crack  where  there  is  expansion 
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if  brick  piers  are  used  in  place  of  well  n«mn»rcfti  concrete  piers  in  * 
long  building.  In  a  building  over  300  ftt^t  in  iengtb,  no  depende&M 
should  be  placed  upon  either  a  plain  brick  or  a  plain  concrete  pier 
without  reinforcement  to  withstand  temperature  stresses  of  expul- 
sion and  contraction  of  the  floors  since  unsightly  cracks  aad  checks 
will  very  likely  occur  from  this  cause.  In  a  building  over  300  feet 
in  length  either  a  full,  wfll  reinforced  concret<*  skeleton  should  be 
provided  or  if  l>earing  walls  are  u-stni  the  building  should  l>e  cut  at 
250  foot  intervals  so  that  it  will  allow  expansion  and  contraction 
without  damage  to  the  brick  work  or  undue  strain  on  the  concrete  of 
the  floors  and  columns. 

16.  Economic  Column  Design.  With  reinforcing  steel  in  the 
column  figured  at  2|  cents  a  pound  and  concrete  at  16.00  per  cubic 
yard,  we  may  estimate  the  proportion  of  steel  and  concrete  needed 
to  obtain  the  most  economic  support  from  the  .standpoint  of  cost. 
Since  a  cubic  foot  of  concn  t»  wi  iphts  150  pounds  and  a  cubic  foot 
of  steel  485  pounds,  a  cube  of  concrete  weighing  one  pound  would 
have  a  volume  3.2  times  as  great  as  a  culie  of  steel  of  the  same 
weight,  and  have  a  face  nearly  one  and  one-half  times  as  great.  On 
this  basis,  for  equal  cost  in  carrj-ing  load,  /,//<.  =  37,  but  in  a  fairiy 
rich  concrete  n  =  10  to  15,  so  that  a  load  can  be  carri«'<l  with  less 
cost  on  a  concrete  pier  than  upon  one  of  reinforce<I  ( oiicnte,  but  in 
carr>'ing  the  load  in  this  manner,  the  diameter  of  Xhv  columns  are 
greater,  which  is  objectionable  in  that  they  occupy  valuable  room. 
Unbalanced  bids  are  sometimes  received  on  this  basis.  One  puts  in  a 
bid  using  a  column  of  a  small  diameter  as  specified,  thus  using  more 
steel,  but  saving  space;  another  makes  a  column  larger  by  two  or 
three  inches  and  uses  less  steel  and  puts  in  a  lower  price.  The 
owner  U  frequently  persuaded  to  accept  the  large  columns  without 
giving  the  regular  bidder  an  opportunity  to  revise  his  bid  on  the  same 
bftsis. 

it  >h()uld  be  noted  that  the  eflficiency  of  the  hooping  varies  as  the 
diameter  of  the  core,  while  the  core  area  varies  as  the  square  of  the 
diameter;  hence  a  small  increase  in  the  diameter  of  the  core  pennits 
a  large  decrease  in  the  amount  of  hooping  and  vertical  steel.  Hoo|>- 
ing  costing  1.6  times  as  much  as  the  vertical  bars  in  a  column  in  place 
has  an  efficiency  2.4  times  that  of  the  same  cost  of  metal  in  vertical 
steel.  On  the  other  hand,  certain  relative  proportions  Ijetween  the 
amount  of  the  vertical  »tee\  and  hooping  are  neoessarj-  to  secure 
the  best  results,  and  these  proportions  should  be  adhered  to  if  the 
formulas  recommended  are  to  be  applied. 
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17.  Column  Formulas  Dependent  on  Polar  and  Transverse 
Moments  of  Inertia.  What  the  correct  formula  should  be  for  com- 
pression members  or  columns  of  structural  steel  has  for  years  been 
a  subject  of  theoretical  discussion  and  controversy.  The  formulas 
that  have  been  adopted  have,  without  exception,  undertaken  to 
determine,  what  the  working  stress  should  be  from  the  moments  of 
inertia  of  the  section  that  opposes  flexural  deformation,  whereas  most 
tests  of  structural  steel  columns  clearly  disclose  failure  by  combined 
torsion  and  bending.  Therefore,  an  accurate  formula  for  a  struc- 
tural steel  compression  member  must  make  its  strength  depend  on 
polar  as  well  as  transverse  moments  of  inertia.  But  the  polar  mo- 
ment of  inertia  in  many  forms  of  steel  columns  reaches  a  very  small 
value  and  the  members  are  weaker  than  any  computation  which 
takes  into  consideration  only  their  resistance  to  flexure  in  various 
directions  and  disregards  their  lack  of  stiffness  under  torsional  de- 
formation, indicates. 

Because  in  the  concrete  column  the  section  is  sohd  and  the  polar 
moment  of  inertia  is  relatively  so  great  that  failure  actually  occurs 
by  crushing  and  shear  or  flexure,  the  combination  of  polar  moment 
with  transverse  moment  of  inertia  has  in  this  case  no  appreciable 
effect  to  diminish  the  resistance  of  the  column.  Accordingly,  since 
plain  crushing  and  transverse  bending  is  by  far  the  simpler  phenomenon 
the  uncertainty  as  to  the  safety  of  reinforced  concrete  columns  when 
calculated  by  scientific  formulas  is  far  less  than  that  involved  in  the 
use  of  the  usual  formulas  to  calculate  the  ultimate  strength  of  struc- 
tural steel  members  as  commonly  built. 

18.  Conclusion.  In  the  preceding  discussion  of  reinforced 
columns  the  authors  have  advocated  higher  working  values  for 
columns  when  vertically  reinforced  and  hooped  in  proper  propor- 
tions than  is  permitted  by  many  building  code  regulations.  On  the 
other  hand,  nearly  all  such  regulations  allow  working  stresses  upon 
the  vertically  reinforced  column  with  ties  higher  than  the  authors 
consider  safe  in  practice.  The  resistance  of  the  hooping  depends  on 
the  lateral  expansion  of  the  column  under  longitudinal  compression. 

In  the  column  tests  by  F.  P.  McKibben  and  A.  S.  Merrill,  Proc. 
Am.  Cone.  Inst.,  1916,  pp.  200-240,  careful  measurements  were  made 
to  determine  the  lateral  expansion  of  the  column  but  as  was  the  case 
in  the  beam  tests  by  the  Bureau  of  Standards  no  effort  was  made  to 
ascertain  the  initial  state  of  stress  in  the  column  produced  during  the 
chemical  action  of  hardening. 

Cracking  or  checking  of  the  fireproofing  occurs  at  low  unit  stresses 
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where  hooping  only  is  used  but  with  proper  proportions  of  vertical 
steel  the  fireproofing  remains  intact  under  high  inten.«ities  of  load. 

Because  measurements  under  initial  loa<ling  of  columns  show 
small  hoop  tension  under  compre^ion  not  exceeiling  working  strcMcs, 
the  argument  is  advanced  that  the  hooping  pronded  to  renst  lateral 
expansion  cannot  l)e  counted  upon  for  elastic  roristance  of  hi|i^ 

Bses.  The  initial  state  of  stress,  however,  Is  modi^^ed  by  repeated 
loading  and  continue<l  use  just  as  certainly  as  in  the'^case  of  Ijeanis  in 
which  under  initial  loading  the  measured  steel  stress  accounts  for 
but  a  small  part  of  the  load  moment.  F'rom  this  latter  fact  no  one 
would  conclude  tliat  the  steel  should  not  l)e  counted  upon  to  remai 
the  load  moment.  Neither  should  similar  data  lead  to  the  concluaioii 
that  hooping  is  not  to  l)e  counted  upon  to  resist  high  streaees  in  the 
column.  Column  reinforcement  as  well  as  Ijeam  reinforcement  is 
largely  affected  by  the  state  of  stress  induced  during  the  hardening 
of  the  concrete,  a  matter  yet  to  be  fully  investigated  to  complete 
our  understanding  of  the  co-operation  of  hooping  and  vertical  rein- 
forcement. 

A  thorough  comparison  of  the  working  stresses  allowed  by  dif- 
ferent building  codes  throughout  the  United  States  by  P.  P.  Furber, 
was  published  in  Proc.  Am.  Cone.  Inst.,  1916,  pp.  181-199  from 
which  the  following  quotation   with   which   the  authors  are  in  full 

accord  is  made. 

"Supposedly  it  is  well  known  to  structural  enj^neera  that 
columns  vertically  reinforced  and  hoo[)ed  with  sufncient  spiral 
reinforcement  of  close  pitch  are  much  to  l»e  preferred  to  columns 
with  vertical  rods  only,  even  in  case  ties  are  usetl,  as  they  were  not 
in  the  Exlison  Imildmgs.  In  spite  of  this  knowledge,  columns 
without  hooping  are  Iwing  built  extensively  throughout  the  country, 
although  it  is  conmion  practice  to  use  ties  or  stag's  of  small  diameter 
rods  or  wire  for  lateral  reinforcement,  these  l)eing  spacecl  aUiut  a 
foot  apart  as  a  rule.  The  reason  for  this  inferior  construction  is 
found  in  the  lower  coat  of  that  t>f)e  as  com(>ared  to  the  hooped 
column,  when  designed  acconling  to  most  building  onlinances. 

Manv  building  i)rdinanr<-M  place  a  premium  on  this  dangerous 
eODBtruction  by  allowing  higher  relative  stresses  on  the  concrete  of 
Mich  eolumns  tnan  on  spirally  reinforced  columns,  when  we  oooader 
the  increase  in  ultimate  strength  of  the  latter.  Some  have 
fooe  ao  far  as  to  pemtit  aa  great  unit  pressure  on  the  concrete  of  a 
column  without  hooping  as  on  a  well  designed  hooped  column.  In 
other  wordjj,  the  concrete  of  tied  columns  is  stressed  be^nd  what 
should  lie  permissible  values,  and  the  h(K>ped  column,  instead  of 
being  given  the  Ijenefit  of  its  increased  toughness  ana  reliability, 
is  acttially  put  at  a  disadvuntage  liecause  the  allowed  streasea  are 
lower  than  teata  have  shown  to  lje  safe. 

The  reaulta  of  such  building  laws  are  obvious.  Deaignen  will 
use  the  cheaper  t>'pe,  except  in  some  cases  where  it  may  b«  poattUe 
to  control  tne  design  of  the  work  with  regard  to  actual  strength 
sectired  in  the  structure  rather  than  with  a  view  to  meeting  the 
requirements  of  some  building  department.  It  may  be  said  that  a 
eooaeientious  engineer  will  always  work  on  the  former  principle, 
but  this  is  not  so,  and  will  hardly  be  poanble  where  there  is  an 
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ordinance  limitation.  The  engineer  has  no  opportunity  to  use  his 
best  judgment.  The  department  officials  and  framers  of  the  codes 
have  exercised  that  function  so  that  all  one  can  do  is  to  follow  the 
rules  and  get  the  cheapest  thing  possible. 

The  discriminating  engineer  would  rather  be  responsible  for 
the  construction  of  a  spiral  column — even  with  unit  stresses  con- 
siderably above  those  allowed  by  many  building  ordinances — than 
for  columns  without  hooping,  under  the  usual  values  for  unit  pres- 
sure. The  difference  between  intelligent  and  inferior  design  may 
be  judged  better  by  the  type  of  members  and  details  selected  than 
by  the  figured  unit  stresses. 

Most  of  the  failures  of  concrete  structures  have  occurred  in 
buildings  designed  so  that  the  figured  unit  stresses  were  not  too 
high  when  judged  by  ordinance  requirements,  and  the  failures  have 
been  due  to  failures  of  the  type  of  member  rather  than  of  the  material. 
A  large  number  can  be  blamed  on  the  use  of  columns  without  hoop- 
ing. On  the  other  hand,  the  writer  at  least  has  never  heard  of  the 
failure  of  a  hooped  column  in  a  building.  The  continued  service 
of  hooped  columns  under  pressures,  which,  according  to  some 
building  laws,  would  be  considered  dangerous,  leads  one  to  believe 
that  something  is  wrong  with  the  building  laws,  particularly  when 
reliable  column  tests  indicate  that  the  stresses  allowed  are  conserva- 
tive. 

Some  may  argue  that  the  fact  that  a  building  stands  up  is  no  > 

sign  that  it  was  well  designed.  This  is  quite  true,  and  applies  with 
force  to  many  buildings  in  which  rodded  columns  have  been  used. 
In  considering  designs  in  the  true  sense,  that  is,  with  reference  to 
the  type,  it  should  be  the  duty  of  the  engineer  to  avoid  members 
that  are  subject  to  sudden  failure." 

The  development  of  the  stress  analaysis  of  the  soHd  column  shows 
that  as  failure  is  approached  the  lateral  swelling  or  bulging  of  the  con- 
crete at  mid  length  of  the  column  is  a  minimum ;  that  it  is  a  maximum 
at  or  in  the  vicinity  of  the  quarter  point  of  the  length,  and  this  is  the 
reason  that  the  research  fellows  of  the  experimental  laboratories  of 
our  universities  have  erroneously  concluded  that  the  function  of  the 
hooping  in  developing  strength  of  the  concrete  column  is  a  small 
factor  and  the  limitation  of  the  amount  which  increases  the  effici- 
ency with  the  vertical  steel  to  one  percent  or  such  a  matter  is  the 
outcome  of  this  mistaken  idea. 

Stress  analysis  of  the  solid  column  shows  that  the  closeness  of 
the  spacing  of  the  hooping  should  be  greatest  at  the  end  thirds  of 
the  column  and  may  be  reduced  in  the  central  portion  of  the  column 
without  loss  of  strength. 

Because  the  reinforced  concrete  column  is  a  solid  section  its  com- 
putation is  far  simpler  and  more  certain  than  that  of  the  built  up 
steel  column  and  the  results  arrived  at  do  not  involve  the  inherent 
uncertainties  of  laminated  plates  more  or  less  indifferently  fastened 
together  and  treated  by  assumption  as  a  solid  together  with  the 
buckling  and  crippling  tendency  of  common  structural  forms  in- 
creased by  the  secondary  stresses  of  lattice  bars  and  the  pantograph 
action  of  the  lacing. 
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CHAPTER  XXII 

EYE  BARS,  PINS  AND  RI\  BTED  JOINTS 

1.  Stress  Analysis  of  Eye- Bar  Heads  should  disclotte  the  reason 
for  that  change  in  form  which  accompanied  the  change  from  wrought 
iron  to  steel  in  their  manufacture,  the  amount  of  excess  section 
through  the  pin  required  over  that  of  the  Ixxiy  of  the  bar,  the  min- 
mum  permissible  ratio  of  the  diameter  of  pin  to  width  of  bar  and  the 
extent  of  inelastic  stretch  or  permanent  elongation  of  the  piece 
end  to  end  of  holes  under  ordinar>'  working  stress  for  the  given  clear- 
ance between  pin  and  the  hole. 

The  accompanying  figure  shows  such  analysis  for  a  12  inch  bar. 
a  ten  inch  pin  and  26  inch  head,  arrived  at  as  follows: 

By  Newton's  third  law,  the  fiber  stress  area  B  equals  the  fiber 
stress  area  E  and  we  may  assume  that  in  the  central  body  of  the 
bar  the  stress  is  distributed  with  substantial  uniformity  permitting 
the  uniform  spacing  of  the  coordinated  principal  tensions  at  B,  the 
half  bar  being  divided  into  four  equal  p>arts  in  the  figure.  The  intensity 
of  the  average  tensile  stress  across  the  section  through  the  center  of 
the  pin  would  be  the  pull  on  the  bar  divided  by  the  section  so  that 
the  average  tension  through  the  head  is  less  than  that  in  the  body 
of  the  bar  by  the  amount  of  excess  section. 

The  fiber  stress  area  E  is  drawn  on  the  basis  that  the  bar  has  been 
stressed  up  to  such  a  pt)inl  that  the  metal  has  become  distorted  so 
that  the  pin*  bears  with  approximate  uniformity  over  its  seminiia- 
meter  and  for  this  condition  we  may  divide  the  stress  area  E  into 
e()ual  parts  locating  the  ccx)rdinate  principal  compressions  at  their 
point  of  intersection  to  the  periphery-  of  the  pin. 

Because  the  pressure  on  the  pin  lends  to  split  or  spread  the 
material  beyond  the  pin  the  curve  of  greatest  shear  from  the  side 
of  the  pin  will  extend  to  the  center  of  the  end  of  the  head  and  the 
direction  of  the  curves  of  greatest  shear  and  their  interescctions 
with  the  principal  tensions  and  compressions  are  obvious  from  this 
fact  and  a  diagram  of  the  principal  stresses  may  be  constructed  as 
shown  in  thr  rn'iin-  witli  i!>prc)vimale  accuracy. 
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^^^^^  wrought  iron  in  tension  is  strongest  with  the  grain  and  weakest 
across  the  grain,  and  more  resistant  to  shear  acrow  the  grain  than 
with  the  grain  this  splitting  tendenc>-  required  an  elongated  head  in 
forged  wrought  iron  bars  guaranteed  to  fail  in  the  body  and  not  in 
the  head.  The  greater  homogeneity  of  forged  steel  bars  permits  the 
adoption  of  the  circular  head  in  place  of  the  elongated  head  of  the 
old  wrought  iron  member. 

The  effect  of  increased  diameter  of  the  hole  over  that  of  the 
pin  for  erection  clearance  reduces  the  bearing  area  to  less  than  the 
pin  diameter  and  the  maximum  unit  bearing  pressure  increases  in  a 
greater  ratio,  so  that  before  half  the  yield  point  value  of  the  metal  is 
developed  in  the  body  of  the  bar  it  is  obvious  that  yielding  must 
occur  to  increase  the  breadth  of  bearing  on  the  pin  unless  the  thick- 
ness of  the  head  is  of  a  much  higher  order  than  that  of  the  body  of 
the  bar  instead  of  the  standard  practice  of  making  them  sut)stan- 
tially  alike. 

That  such  an  elementary  relation  obvious  from  the  necessary 
static  balance  of  fiber  stress  areas  E  and  B  was  regarded  as  rtariling 
Trans.  Am.  Soc.  LXI,  page  431  in  a  discussion  of  eye  bars  and  as 
elucidated  by  the  opinion  page  448  that  "the  mathematical  theory 
of  elasticity  applied  to  a  diagram  of  strains  in  a  solid  leads  to  nothing 
practical"  except  •  *  *  "mental  satisfaction  in  forming  a  gen- 
eral conception  of  as  to  the  manner  in  which  forces  are  transferred  in 
such  structures"  discloses  that  lack  of  comprehension  of  scientific 
means  of  investigation  which  tends  to  shackle  the  profession  to  rule 
of  thumb,  empiricism,  and  non-progressiveness. 

The  writer's  deduction  from  stress  analysis  is  that  for  a  pin 
diameter  three-quarters  the  width  of  the  bar  and  for  heads  equaling 
the  thickness  of  the  bar  the  excess  section  across  the  pin  should  be 
approximately  one  and  two-thirds  that  of  the  body  of  the  bar. 

When  the  diameter  of  the  pin  is  increased  to  that  of  the  bar  this 
excess  may  be  reduced  to  one  and  seven-sixteenths  that  of  the  body. 
WTien  the  pin  diameter  is  one  and  one-third  that  of  the  width  of  the 
bar  the  excess  may  be  reduced  to  one  and  three-tenths  that  of  the 
body. 

These  relations  desirable  from  the  standpoint  of  avoidance  of 
excess  defonnation  of  the  head  in  testing  to  distruction  have  lieen 
followed  closely  in  smaller  sized  bars  which  have  been  most  frequeiuly 
tested  and  have  been  skimped  to  some  extent  in  the  larger  sizes  more 
dit"  forge.  This  deficiency  may  be  made  g<x»d  by  increased 

till  A  ith  the  same  dies  hut  with  more  liljeral  Ujwet  allowance. 
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In  computing  deflections  of  the  bridge  truss  it  is  conservative  to 
consider  the  length  of  bar  center  to  center  the  figured  length  plus 
twice  the  pin  clearance. 

Side  by  side  with  the  stress  line  analysis  of  the  eye  bar  head  is 
reproduced  Mr.  Cooper's  diagram  of  the  head  distortion  at  failure 
of  the  body  of  the  bar. 

Problem:  A  good  exercise  for  the  student  is  to  construct  an 
approximate  chart  of  the  curves  of  displacement  by  bisecting  the 
angle  between  the  greatest  shears  and  major  principal  stress  and 
compare  them  with  the  deductions  from  a  rubber  model.  (See  p.  441 
Trans.  Am.  Soc.  LXVI  for  such  map  under  excess  distortion)  observ- 
ing the  rotational  change  in  direction  by  excess  deformation. 

2.  Secondary  Stresses  in  Eye  Bars  arising  from  truss  distor- 
tion have  in  general  been  disregarded  by  the  practical  engineer  while 
erroneously  over-estimated  by  theoretical  writers. 

Friction  between  the  pin  and  hole  preventing  turning  of  the  head 
on  the  pin  through  that  slight  angle  necessary  for  the  bar  to  adjust 
itself  to  the  elastic  deformation  of  the  truss  has  been  figured  by 
Grimm,  page  76  "Secondary  Stresses  in  Bridge  Structures",  1908. 
for  the  case  of  a  maximum  pin  in  a  standard  head  as  forty-five  percent 
of  F I  A.  This  computation  is  arrived  at  upon  the  assumption  of  a 
coefificient  of  friction  of  .2  for  the  finished  surfaces  of  the  hole  and 
bar  with  the  customary  coat  of  white  lead  and  tallow  whereas  under 
test  it  is  found  to  be  about  one- tenth  that  amount.  See  report  of 
MacKay  and  Brown  Vol.  XXXII  Trans.  Eng.  Inst,  of  Canada  1919. 
Moreover,  in  the  equations  by  which  the  stress  intensity  is  figured 
there  appears  a  confusion  of  the  moment  of  inertia  for  a  pair  of 
triangular  fiber  stress  area  of  opposite  sign  in  the  width  of  a  bar  with 
that  suitable  to  the  case  in  hand,  i.  e.,  the  moment  of  inertia  of  a 
trapezoidal  area  of  one  sign  only.  This  confusion  lead  to  the  natural 
evolution  of  an  imaginary  secondary  stress  many  times  larger  than 
disclosed  to  date  in  practical  service  or  by  experimental  measure- 
ment. 

3.  The  Maximum  Strength  ofan  Eye  Bar  in  a  Truss  is  less 
than  the  ultimate  strength  determined  in  the  testing  machine  for  the 
reason  that  as  soon  as  the  metal  commences  to  yield  a  material  per- 
centage of  its  length  the  triangulation  of  the  truss  is  so  modified  that 
failure  must  result  if  the  bar  be  a  main  member. 
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In  the  case  of  counters  in  which  the  stress  is  more  or  lew  moment- 
ary the  >^eld  point  of  the  bar  may  be  occasionally  exceeded  and  the 
member  actually  stretched  a  small  amount  without  more  immediately 
serious  result  than  the  loss  of  rigidity  until  the  slack  is  taken  up. 

An  interesting  series  of  tests  of  carbon  steel  eye  bars  was  made 
for  the  Board  of  Engineers  for  the  Quebec  Bridge.  The  test  specimens 
of  unannealed  metal  from  these  bars  disclosed  an  ultimate  strength 
of  65.(X)()  pounds,  a  yield  pwint  slightly  over  4<).0()0  pounds,  ekmga- 
tion  of  23  percent  in  8  inches  and  a  reduction  of  area  of  40  percent. 
The  eye  bars  tested  approximately  60,000  pounds  ultimate  strength, 
elastic  limit  from  21,0(X)  to  24,000  pounds,  a  ytel<l  point  vanning 
from  25,000  to  28.000  pounds  per  square  inch  i-r  words,  the 

ultimate  strength  of  the  eye  bar  in  the  truss  tranu-  is  but  little  in 
excess  of  25,000  to  28,000  although  it  will  not  break  under  60.000 
pounds  in  the  testing  machine.  As  soon  as  the  bar  starts  to  yield  if 
the  load  remains  on  the  bridge  the  bar  must  not  only  carry  the  stress 
which  causes  it  to  yield  but  must  resist  also  the  shock  of  the  dead 
weight  and  the  live  load  descending  through  the  height  which  the 
stretch  permits  the  deflection  to  increase  and  this  added  to  the 
stress  exceeding  the  yield  point  may  be  regarded  in  general  as  suffi- 
cient to  cause  failure  when  taken  into  consideration  with  the  dis- 
tortion of  other  members  which  must  follow  a  considerable  elongation 
of  the  metal  of  the  tie. 

The  appendix  to  the  Report  of  the  Board  of  Engineers  of  the 
Quebec  Bridge,  Col.  1,  page  220,  presents  a  painstaking  investigation 
of  the  stresses  in  the  bars  by  a  20-inch  Howard  gage,  by  Johnson 
extensometers  and  a  Martin's  mirror  from  which  the  following  ct>n- 
dusions  were  drawn : 

That  the  elastic  limit  and  yield  point  occur  at  lower  axial  loads 
near  the  end  than  near  the  center  of  the  bars.  That  considerable 
deviation  from  the  linear  relation  of  stress  to  strain  takes  plate 
locally  in  the  body  of  the  bar  at  loads  far  less  than  those  indicated 
as  the  yield  point  by  the  drop  of  the  beam  in  a  rapid  continuous  test. 
That  counter  poising  the  l)ars  for  their  dead  weight  or  loading  them  an 
additional  amount  equal  to  their  weight  resulted  in  no  apparent 
change  in  the  yield  point  and  elastic  limit  or  lowering  of  the  ultimate 
strength. 

.As  is  apparent  from  the  stress  anal>*sls  of  the  head  the  axial 
resistance  divides  itself  in  passing  beyond  the  pin  and  in  m)  doing  a 
state  of  shearing  stress  is  induced  in  the  shank  of  the  bar  toward 


124  COMBINED  TENSION  AND  BINDING 

the  ends  somewhat  higher  toward  the  pin  than  at  the  center  of 
length  giving  rise  to  a  curved  deformation  diagram  when  the  measure- 
ments were  taken  on  gage  points  about  two  feet  from  the  center  of 
the  pin  and  practically  straight  deformation  diagrams  to  nearly  the 
yield  point  value  when  the  extensometers  were  attached  to  the  middle 
of  the  bar. 

4.     Combined  Tension  and  Bending  may  be  figured  in  a  man- 
ner analogous  to  the  inverted  arch. 

Let  M  equal  the  moment  WL/8  due  to  the  weight 


P 

d' 
D 
f 
F 
V 


the  pull  on  the  bar 

the  deflection  when  the  pull  equals  zero 

the  deflection  under  the  pull  P 

the  fiber  stress  when  the  pull  equals  zero 

the  increase  of  fiber  stress  over  P/A  under  the  pull  P 

the  middle  ordinate  of  the  curve  of  equilibrium  of  the' 


centroid  of  tension  in  the  bar  under  the  pull  P. 

Then  as  in  a  string  suspension  PV  =  M  or  V  =  M/P.   But  V  is  made 
up  of  the  deflection  D  plus  the  displacement  of  the  centroid  of  tension 
below  the  center  of  width  of  the  bar,  or  D  must  be  less  than  V  and 
by  Hooke's  law  F  :  f  :  :  D  :  d' .    By  the  principle  of  rigidities 
D=Vd'/{V+d')  and  F=f  D/d' 

Example:  For  a  2"X10"  bar  40'0,  stressed  to  15,000  lbs.  per 
square  inch,  P  =  300,000;  r=.544";  <i=  .785";  f  =  4890#  per  sq.  in. 
and  F  =  203(^  per  square  inch,  and 

PM+F=  17,030  lbs.  per  sq.  in. 

Now  if  P  doubles  in  value  F=.272"  and  F  reduces  to  1280jf  per 
sq.  in.  P/^4+F  =  31,280.  i.  e.,  the  bending  stresses  decrease  as  the 
axial  stresses  increase;  hence  do  not  demand  that  careful  considera- 
tion necessary  in  column  action. 

If  the  bar  were  turned  flatwise  instead  of  edgewise  and  subject 
to  the  same  pull  P,  V  would  remain  unchanged  but  D  would  approach 
V  in  value  and  F  would  be  reduced  nearly  80%.  Such  reduction  in 
fiber  stress  under  quiescent  load  would  be  achieved  at  a  sacrifice  of 
rigidity  under  moving  load  requiring  an  increase  in  impact  allowance 
that  would  necessitate  greater  cross  sectional  area. 

5.  The  Size  of  Pin  is  customarily  made  the  maximum  that  the 
minimum  sized  head  of  the  main  eye  bars  of  the  truss  permits,  thereby 
economizing  in  thickness  of  pin  plates  on  posts  and  chords  while 
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securing  a  more  rigid  joint  without  increase  in  weight  of  eye  bar 
heads.  When  this  is  done  the  diameter  is  ample  for  shear  ami  com- 
putation for  bending  only  is  requisite. 

6.  Bending  Moment  on  a  Pin  aris^es  from  the  fact  that  e>'e 
bars  or  members  packed  upon  it  cannot  pull  in  line  even  though  they 
act  in  the  same  plane.  The  bending  moment  is  comp-Jted  as  in  beam 
action,  treating  the  center  of  action  of  the  applied  forces  as  applied 
at  the  center  of  the  bearing  area  of  the  meml>er  upon  the  pin  when 
the  bearing  is  relatively  narrow. 

In  general  trus.s  members  connecting  on  a  pin  do  not  act  in  the 
same  plane  in  which  case  the  forces  are  resolved  into  their  components 
on  planesat  right  angles  selecting  one  plane  as  the  plane  of  the  mem- 
ber carr>'ing  the  greatest  stress.  Having  figured  the  bending  moment 
in  these  two  respective  planes  they  are  to  be  combined  by  the 
parallelogram  law,  Chapter  1,  Section  1,  Art.  6. 

The  maximum  moment  is  thus  the  square  root  of  the  sum  of  the 
squaresof  the  maximum  moments  which  occur  at  the  same  point  along 
the  pin  in  the  two  respective  planes. 

The  moment  on  the  pin  is  most  readily  computed  by  taking  the 
extreme  force  times  its  distance  to  the  center  of  the  adjacent  bar 
pulling  in  the  opposite  direction.  Then  the  difference  of  stress  be- 
tween the  second  bar  and  the  preceding  constituting  the  shear  times 
the  next  distance,  and  so  on.  The  members  should  be  packed  so  that 
the  resulting  moment  is  a  minimum. 

Because  the  diameter  of  the  pin  which  constitutes  the  depth  of 
the  cantilever  l)eam  we  are  figuring  upwn  is  relatively  great  with 
respect  to  its  length  the  shearing  forces  are  distributed  along  the 
pin  partly  by  shear  and  partly  by  bending.  Moreover,  the  assumption 
that  the  pressure  acts  at  the  center  of  the  l)earing  area  results  in  an 
over  estimate  of  the  moment  magnitudes.  For  these  reasons  it  is 
customary  to  allow  a  fiber  stress  in  bending  upon  the  pin  fifty  percent 
greater  than  on  the  extreme  fibers  of  rolled  shapes,  built  sections, 
girders,  and  the  like. 

Intermediate  grade  metal  of  80,(X)0  pounds  ultimate  strength  is 
to  be  preferred  to  structural  grade  for  pins  in  order  that  the  deforma- 
tion or  stretch  of  the  distance  from  back  to  back  of  the  holes  will  l>e 
a  minimum.  Where  the  pins  are  over  7  inches  in  disameter  ihey  arc 
customarily  forged  and  are  drilled  along  their  axis  to  insure  sound- 
ness. This  permits  the  attachment  of  a  cap  held  in  place  by  a  through 
bolt  instead  of  turning  the  pin  down  and  threading  for  the  usual 
recessed  nut. 
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7.  The  Rivet  is  the  simplest  fastening  for  the  transmission  of 
stress  between  plates  or  shapes  by  shear.  Rivets  are  formed  from 
round  rods  at  a  red  heat  by  an  upsetting  machine  which  cuts  the 
heated  rod  to  the  desired  length  and  upsets  the  finished  cup  shaped 
head  at  one  end.  When  used  they  are  heated  to  a  red  heat,  entered 
in  a  hole  through  the  plates  to  be  connected  and  the  second  head  is 
formed  by  hand  or  machine.  In  hand  riveting  the  tail  of  the  rivet 
is  upset  to  fill  the  hole  by  hammering  while  the  original  head  is  bucked 
or  firmly  held  on  the  opposite  side.  The  head  is  finally  set  up  and 
finished  by  a  cup  shaped  die  called  a  snap. 

In  the  field  of  structural  work  the  pneumatic  hammer  has  almost 
entirely  replaced  hand  riveting  so  that  if  properly  heated  there  is 
little  difference  between  the  shop  and  field  rivet.  On  the  other  hand 
in  the  field  there  is  less  uniformity  of  the  heating  and  unless  the  rivets 
are  driven  at  the  proper  temperature  they  may  not  be  tight.  A  tight* 
rivet  or  one  which  has  cooled  from  800  to  900  degrees  Fahr.  shrinks 
sufficiently  to  develop  15,000  to  18,000  pounds  per  square  inch  ten- 
sion gripping  the  parts  together  if  they  have  been  well  bolted  in  the 
first  place  so  that  a  shoulder  is  not  formed  between  the  parts  in 
driving  the  rivets.  This  shrinkage  grip  of  the  rivet  develops  friction 
between  the  parts  connected  and  constitutes  an  element  of  strength 
of  considerable  magnitude  when  the  rivet  is  first  driven  and  may  con- 
tinue to  exert  part  of  this  pressure  provided  loads  are  quiescent  and 
the  joint  is  not  subjected  to  vibratory  or  reverse  stresses  in  service. 
Quoting  Carnegie  Handbook,  1900,  or  like  substance  in  1923: 


"In  transmitting  stresses  by  means  of  rivets,  it  is  customary  to 
disregard  the  friction  between  the  parts  joined,  as  too  uncertain  an 
element  to  be  relied  upon  to  any  extent.  The  rivets  must  then  be  propor- 
tioned for  the  entire  stress  which  is  to  be  transmitted  from  one  plate 
or  group  of  plates  to  the  other,  and  they  must  be  of  sufficient  size  and 
number  to  present  ample  resistance  to  shearing  and  afford  sufficient 
bearing  area  so  as  not  to  cause  a  crushing  of  the  metal  at  the  rivet 
holes.  This  latter  condition,  while  generally  observed  for  pins,  is  very 
often  entirely  overlooked  in  riveted  work.  Its  observance,  in  most  cases 
of  riveted  girders  with  single  webs,  determines  the  size  and  nunber  of 
rivets  to  be  used  and  frequently  makes  it  necessary  to  adopt  a  greater 
thickness  of  web  than  would  otherwise  be  required.  Thus,  if  the  web 
is  ^e"  thick,  the  rivets  connecting  the  same  with  the  flange  angles  have 
a  bearing  value  of  only  3,520  lbs.  for  a  %"  riv^et,  while  their  shearing 
value  is  =2X3, 310  =  6, 620  lbs.  per  rivet,  the  rivets  being  in  double  shear. 
Consequently  while  the  usual  thickness  of  web  of  floor  beams  for  railway 
bridges  is  ^g",  it  sometimes  becomes  necessary  for  shallow  floor  beams 
to  increase  the  thickness  to  V/  and  even  ^/i" ,  in  order  that  the  pressure 
of  the  rivets  upon  the  semi-intrados  of  the  rivet  holes  be  not  excessive 
between  the  points  of  support  of  floor  beam  and  of  application  of  the 
load  (in  which  space  the  transmission  of  strain  from  web  to  flanges 
takes  place). 
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But  the  sound  theory  presented  in  the  foregoing  quotation  is  not 
consistent  with  the  "standard  connections"  illustrated  in  Fig.  fol- 
lowing. Shop  rivets  in  these  lieam  connections  are  figured  for  the 
value  of  30.000  pounds  f)er  inch  in  enclosed  (rearing  and  12.000 
pounds  for  shear  with  liearing  on  one  side  at  24,000  Iba.  per  sq.  in. 

The  standard  connection  angles  were  changed  in  'he  1913  edition 
of  Carnegie  from  those  of  the  1900  edition  reducitfg  the  shop  rivets 
for  15'  web  connections  from  5  to  4.  for  the  12'  connection  from 
5  to  3,  for  the  18'  and  20'  from  the  five  rivets  to  four. 

If  the  theor>'  that  the  frictional  grip  is  to  be  disregarded  and  the 
bearing  and  shearing  value  of  the  rivet  is  to  be  depended  upon  sf>lely 
then  for  standard  material  having  a  strength  of  55.000  pounds  per 
square  inch  and  a  guaranteed  minimum  yield  point  of  27.500  pounds 
the  use  of  a  working  stress  in  bearing  of  30.000  ll>s.  per  sq.  in.  is  ten 
percent  greater  than  the  elastic  limit  or  yield  point  of  the  material 
and  the  margin  of  safety  for  elastic  strength  has  passed  through  zero 
and  «-?i  -ntrfvl  sign. 


8.    A  Review  of  the  Rising  Bearing  and  Shear  Values  for 

Rivets  used  during  the  past  thirty  years  is  of  interest. 

When  steel  commenced  to  replace  wrought  iron  in  1890  ciL->i«»mary 
values  for  shear  on  rivets  in  railroad  bridges  was  6.000  pounds  per 
square  inch  and  for  bearing  12,000  pounds  and  the  values  reduced 
25  to  30  percent  for  field  connections.  As  steel  came  into  use  this 
was  raised  to  7.500  for  shear  and  15.000  for  bearing  while  in  building 
work  9.000  in  shear  and  18.000  in  bearing  seems  to  have  been  the 
highest  value  thought  of  or  considered  within  reason. 

In  1906  the  Cooper  specification  for  railroad  bridges  allowed  9.000 
pounds  per  inch  for  shear  and  15.000  pounds  per  square  inch  for 
bearing  on  truss  members  reducing  this  amount  20  percent  for  the 
floor  system. 

The  specification  of  1908  Department  of  Railways  and  Canals  of 
Canada  permitted  10,000  pounds  in  shear  and  20.000  pounds  in  bear- 
ing but  the  material  was  to  l>e  medium  steel. 

Pencoyd  Handbocik  of  1898  gives  but  three  tables  for  rivets,  shear 
at  6,000,  liearing  at  12,(XK);  and  shear  at  7,500  bearing  at  15,000:  and 
single  shear  at  11,000  and  liearing  at  22,000,  the  higher  value  used 
in  connection  with  an  impact  allowance  of  eighty  or  ninety  percent 
in  bridge  floor  systems  of  medium  steel. 
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STANDARD  CONNECTIONS 

from 
Carnegie  Pocketbook  of  1913  to  '23 


.,  27''        n 


BEAM  CONNECTIONS 

,.-  24'' 


21//' 


21" 

5VJ'         IVi' 


2AnElcs  i'tiWit.  i-hVi'     2Aiurles  4 x 4'x Vi'x  l-sVi"      2  Angle*  4'x 4"x '/i"xl'-2Vii'     2 Angles  4"x4'xJ^'5xO'-llV^ 

51/0"  15"2V'"  12"  Rivets  and  bolts-/4  'diam. 

1",   6,"  5" 


107  9;  8" 

5M>"      2i^'2W 


6V2"       2W214" 

r—- 1  '-ri 


8Anglcs4'x  4x7^5^0-111/2"'  2Angles  4x  4"x}igx  o'-g'/^'    2 Angles  6'x4x%"x  0-51^'    2Angle»6"x  4x%"x  O'-S" 


Limiting  Values  op  Beam  Connections 


,^             jValueofWeb 

Va 

ues  of  Outstanding  Legs  of  Connection  Angles 

1  Beams 

Connection 

Field  Rivets 

Field  Bolts 

Depth, 
Inches 

Weight 

Lbs.  per 

Foot 

Shop  Rivets  jM"  Rivets  or 

in  Enclosed  Turned  Bolts, 

Bearing,      Single  Shear, 

Pounds           Pounds 

Min.  Allow- 
able Span  in 

Feet, 
Uniform  Load 

t. 
In. 

H"  Rough  Bolts, 

Single  Shear, 

Pounds 

Min.  Allow- 
able Span  in 

Feet, 
Uniform  Load 

t. 
In. 

27 

83 

66800      i      61900 

18.4 

^8 

49500 

23.1 

H 

24 

80 

67500 
52700 

53000 
53000 

17.5 
16.3 

y% 

42400 
42400 

21.9 
20.2 

21 

40200 

44200 

15.5 

I'e 

35300 

17.6 

y% 

20 

G5 

45000 

35300 

17.6 

H 

28300 

22.1 

% 

18 

55 
46 

41400 
29000 

35300 
35300 

13.3 
15.0 

H 
ii_ 
% 

V 

28300 
28300 

16.7 
15.4 
11.1 
11.1 

H 
Vi 

15 

42 
36 
31}^ 
27H 

36900 
26000 

35300 
35300 

8.9 
11.1 

8.1 
10  3 

28300 
28300 

y% 

12 

23600 
17200 

26500 
26500 

21200 
21200 

9.0 
10.3 

y% 

10 

25 
22 
"21 

27900 
20900 

17700 
17700 

7.4 
6.9 

14100 
14100 

9.2 

8.6 

9 

26100 

17700 

5.7 

*/8 

14100 

7.1 

y% 

8 

18      . 

17H 

24300 
18900 

17700 
17700 

4.3 
4.4 

14100 
14100 

5.4 
5.5 

y% 

H 

7 

15 

12 '4 

11300 
10400 

8800 

6.2 

% 

7100 

7.8 

% 

6 

8800 

4.4 

7100 

5.5 

% 

5 

9M  1        9500 

8S00 

2.9 

Vs 

7100 

3.6 

J± 

AiLOWABLE  Unit  Stress  in  Pounds  per  Square  Inch 


1  i;,,.«.o  vh«r>  iviiiiiM  iRivets — enclosed Shop  30000 

I  Rough  Bolts Fie.u     8000|| JRough  Bolts Field  16000 

t=Web  thickness,  i  n  bearing,  to  develop  max.  allowable  reactions,  vhen  beams  frame  opposite. 

Connections  are  figured  for  bearing  and  shear  (no  moment  considered). 

The  above  values  agree  with  tests  made  on  beams  under  ordinary  conditions  of  use. 

Where  web  is  enclosed  between  connection  angles  (enclosed  bearing) ,  values  are  greater  because 
of  the  increased  efficiency  due  to  friction  and  grip. 

Special  connections  shall  be  used  when  any  of  the  limiting  conditions  given  above  are  exceeded — 
«Och-as  end  reaction  from  loaded  beam  being  greater  than  value  of  connectior  ;.jorter  span  with 
beam  fully  loaded;  or  a  less  thickness  of  web  when  maximum  allowable  reactic.iE  are  used. 
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Today  these  values  have  increased  from  the  6.000  pounds  for 
shear  and  12,000  pounds  in  bearing  for  iron  rivets  of  1890  to  12.000 
or  13,500  for  shear  on  steel  rivets  as  soft  as  the  iron  rivets  of  1890 
while  the  bearing  values  have  been  increased  from  12.000  pounds 
for  wrought  iron  posaessing  greater  compressive  resistance  than  ordin- 
ary present  day  steel  to  30,000  pounds  per  square  inch.  Obviously 
if  these  values  keep  on  increasing  something  is  liable  to  happen. 

Higher  values  of  working  stresses  are  legitimate  provided  a  steel 
of  greater  resistance  is  specified  which  warrants  the  corresponding 
increase  in  stre<s. 

9.  The  Resultant  Principal  Fiber  Stress  on  a  Rivet  limiting 
or  determining  its  elastic  working  capacity  is  to  be  found  by  combin- 
ing its  axial  tension  due  to  the  shrinkage  stress  of  hot  driving,  the 
bending  eflFect  of  the  offset  of  shearing  forces  combined  with  the  shear 
stress  acting  upon  it. 

When  the  shearing  force  is  small  the  resistance  opposed  to  sliding 
is  the  frictional  resistance  equaling  the  tension  on  the  rivet  from 
shrinkage  times  the  coefficient  of  static  friction  on  the  rough  surface 
in  the  neighborhood  of  .35  to  .45  percent  which  would  indicate  an 
initial  slip  or  permanent  set  at  5,000  to  6,500  pounds  apparent  shear 
figured  upon  the  rivet  sections.  When  the  joint  suffers  this  initial 
slip  the  maximum  fiber  stress  is  the  resultant  of  the  initial  tension; 
the  bending  and  the  shear  strains. 

If  the  magnitude  of  each  of  these  kinds  of  stress  be  known  they 
may  be  combined  by  the  formulas  applied  to  the  shaft  under  torsional 
shear  and  bending,  i.  e.,  the  fiber  stress  of  bending  is  added  to  the 
initial  axial  tension  and  this  state  of  stress  at  the  extreme  fiber  in 
tension  is  to  be  combined  with  the  state  of  shearing  stress. 

Now  the  bending  moment  on  a  rivet  or  pin  equals  the  cube  of  the 
diameter  times  substantially  one-tenth  the  fiber  stress  in  bending. 
(Art.  15,  Chapter  I,  Sec.  I).  Hence  for  %  inch  rivets  connecting 
H  inch  plates  under  an  assumed  bending  fil)er  stress  p>er  square  inch 
which  will  produce  this  bending  moment  assuming  the  center  of 
bearing  one-third  the  thickness  of  the  plate  from  the  sliding  surface  ; 

M- 27/64X0.1X10,000 -425  lbs.  or  the  shear -2,550  on  the 
three-quarter  inch  rivet  equals  5,800  lbs.  per  sq.  in.  Maximum  shear 
stress  Ss-Vll*-|-5.8*  in  Kips  equals  12,500  lbs.  per  square  inch  when 
the  shirinkage  tension  at  slip  is  taken  at  the  value  of  12.(X)0  lbs.  per 
square  inch. 
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The  maximum  tension  St=  11  + Vll. 2+5. 82  =  23, 500  lbs.  per  sq. 
in.,  i.  e.,  the  elastic  tensile  stress  is  nearly  TWICE  AS  GREAT 
as  the  resultant  elastic  stress  in  shear  and  FOUR  TIMES  AS  GREAT 
as  the  unit  shear  stress  computed  on  the  rivet  cross  section.  It  should 
be  noted  that  in  this  computation  12,000  lbs.  per  square  inch 
used  as  the  .shrinkage  tension  in  the  outer  fiber  of  the  rivet  at  slip 
is  8,000  lbs.  per  square  inch  less  than  Unwin's  estimate  of  20,000  lbs. 
per  square  inch  average  shrinkage  stress  against  15,000  to  18,000  lbs. 
per  square  inch  by  the  writer  and  on  the  outer  fiber  at  slip  of  12,000 
lbs.  The  computation  for  bending  follows  the  usual  method  for  pins 
but  assumes  the  center  of  pressure  at  a  less  rigorous  location  than  the 
center  of  the  bearing.  The  formulas  for  combination  of  these  com- 
ponent states  of  stress  are  accepted  and  taught  in  works  on  the  me- 
chanics of  material  and  are  given  in  Kent's  Mechanical  Engineer's 
Pocketbook. 

With  the  strenuous  effort  now  made  to  keep  working  stresses 
within  the  limits  of  elasticity  of  the  material  of  which  we  construct 
great  bridges  even  to  the  laborious  determination  of  minor  secondary 
stresses  that  exist  more  predominantly  in  the  imaginative  assump- 
tions of  the  computer  than  in  the  finished  structure  such  major  stresses 
as  are  readily  approximated  in  the  rivet  by  the  elastic  theory  should 
receive  careful  considerations. 

If  this  be  done  the  values  which  F.  H.  Lewis  (Eng.  Club.  Phila. 
1891.  Kent  Pocketbook  1903  p.  380)  selected  for  shear  and  bearing 
in  the  light  of  the  thorough  investigations  of  the  resistance  of  riveted 
joints  during  the  age  of  wrought  iron  and  the  early  introduction  of 
steel  will  return  to  general  use. 

10.  The  Ultimate  Shear  Strength  of  a  Rivet  Rod  in  the 

ordinary  testing  machine  runs  substantially  eight-tenths  its  tensile 
resistance.  In  the  joint  where  by  upsetting  to  fill  the  hole  the  area 
of  the  rivet  is  increased  from  one-sixth  to  one-eighth  its  ultimate 
strength  averages  about  three-quarters  of  the  tensile  strength  of  the 
original  section.  As  the  yield  point  resistance  of  the  outer  fiber  of 
the  rivet  is  exceeded  in  tension  the  shrinkage  grip  of  the  rivet  de- 
creases and  the  shear  strain  assumes  an  increasing  value  until  rup- 
ture occurs  by  detrusion. 

11.  The  Maximum  Stress  Supported  by  Any  Given  Rivet 

relative  to  the  stress  on  the  sections  riveted  together  depends  on  the 
uniformity  of  the  distribution  of  that  stress  among  the  group  of 
rivets  which  resist  the  axial  stress  on  the  parts. 
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If  the  group  of  rivets  U  symmetrically  disposed  with  respect  to 
the  axis  of  the  members  connected  and  the  stress  on  the  members 
connected  is  axia!  and  not  bending  then  each  ri>-et  in  a  compact  group 
may  be  treated  as  carrying  its  proportionate  part  of  the  stress  or 
load.  If  this  is  not  the  case  a  proper  increase  in  the  number  are 
needed  to  provide  for  the  moment  brought  upon  the  group  by  the 
uns>'mmetrical  configuration.  Better  if  possible  dt^ign  or  arrange 
the  group  in  a  s>mmetriral  manner  and  avoid  the  lalxjr  of  computa- 
tion involved  in  rheckintj  the  ^trfnjjth  of  old  structure  l>adly  designed 
in  this  regard. 

The  ine(iuality  in  distribution  of  the  stress  over  the  rivets  through 
the  angles  of  a  stringer  connection  to  the  web  of  the  floor  beam  in 
old  railway  bridges  is  brought  forcibly  to  the  attention  of  the  engineer 
re^mnsible  for  old  overloaded  bridges  on  several  thousand  miles  of 
road.  The  splitting  down  of  the  connection  angles  half  way  from  the 
top  to  the  Ixittom  in  service  under  the  l)ending  of  too  shallow  stringers 
has  been  repeated  1\  noticed  and  corrected  by  the  use  of  more  rivets 
with  a  wider  gage  so  that  elastic  trending  of  the  angle  flanges  relieve 
the  intensity  of  the  tension  on  the  rivets. 

In  the  light  of  such  experience  the  assumption  of  perfectly  uniform 
distribution  of  the  shear  upon  the  rivets  of  the  Carnegie  beam  con- 
nections appears  grotesque  indeed,  a  dream  of  the  arm  chair  engineer 
rather  than  the  product  of  practical  experience  of  the  man  on  the  job. 

Where  the  group  of  rivets  is  not  comf>act,  a  reduction  of  three 
percent  in  the  permissible  value  for  shear  should  be  made  for  each 
five  diameters  in  distance  that  the  center  of  the  splice  exceeds  twenty 
diameters  of  the  rivet  from  the  end. 

12.  Working  Stresses  in  l^earing  on  pins  and  rivets  should 
permit  the  same  margin  of  overload  that  the  body  of  the  member 
is  designee!  to  withstand.  Bearing  on  large  pins  and  enclosed  l»earing 
on  rivets  should  not  exceed  15.000  pounds  per  square  inch  for  metal 
averaging  60.000  pounds  ultimate  .strength  nor  18.000  pounds  per 
square  inch  for  intermetliate  gradr  ^\vv\  «»f  65,000  to  T'^  «KK)  pt>unds 
ultimate  resistance. 

Mr.  Howard's  valuable  paper.  Trans.  Am.  Soc.  C.  E.  Vol.  1<XXIII, 
pp.  442-443,  discloses  yielding  of  the  pin  plates  under  slightly  leas 
than  25.000  [M»unds  per  stjuare  inch  liearing  on  the  pin  and  obviously 
24,0(X)  ll>s.  (>er  scjuarc  inch  Uviring  on  the  A.  R.  K.  and  M.  W.  A-hsoc. 
specification  is  t<io  high  leaving  no  in.irgin  between  the  working 
stress  and  the  yield  point  value. 
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Bearing  values  of  12,000  pounds  for  soft  steel  and  15,000  lbs.  for 
a  one  side  bearing  intermediate  grade  steel  correspond  to  the  fore- 
going limits  because  of  the  increased  displacement  of  the  rivet  by 
bending. 

Elastic  Working  Stresses  of  One  Kind  in  Shear  on  soft  steel 
rivets  of  ultimate  strength  over  46,000  pounds  ultimate  56,000  pounds 
per  square  inch,  cannot  materially  exceed  6,500  pounds  per  square 
inch.  On  medium  steel  60,000  to  68,000  pounds  ultimate  strength, 
7,500  pounds  per  square  inch.  On  field  rivets  for  railway  bridges 
driven  with  pneumatic  hammer  500  pounds  per  square  inch  less. 

The  present  practice  of  using  dead  soft  metal  for  rivets  results  in 
a  lower  initial  slip  and  yeild  point  value  of  the  joints.  In  1896  the 
Pottsville  Iron  and  Steel  Company  used  medium  steel  for  shop  rivets 
and  the  tested  values  were  from  fifteen  to  twenty-five  percent  higher 
than  with  soft  steel  and  no  difficulty  was  found  in  satisfactorily- 
driving  them  in  the  shop. 

Tests  comparing  nickel  and  soft  steel  riveted  specimens  is  pre- 
sented in  an  appendix,  Vol.  I,  Government  Board  of  Engineers  report 
on  the  Quebec  Bridge.  The  greater  strength  of  the  joints  with  the 
nickel  steel  is  due  to  the  greater  tenacity  and  hardness  of  the  nickel 
alloy  over  the  soft  steel.  Perhaps  high  resistance  rivet  steel  for 
special  work  may  economically  be  manufactured  with  a  small  amount 
of  chrome  to  increase  its  hot  ducility  while  securing  greater  hardness 
with  medium  low  carbon. 

Working  Stresses  for  Alternating  Tension  and  Compression 

should  be  reduced  one-half  where  the  minimum  stress  equals  or 
exceeds  half  the  maximum.  The  values  may  be  increased  in  propor- 
tion as  the  minor  stress  decreases  in  proportion  to  the  major  from 
this  limit. 

Where  the  rivet  length  exceeds  four  diameters  the  strain  upon 
the  rivet  in  shear  and  bearing  should  be  reduced  by  ten  percent  for 
each  diameter  increase  in  the  length  of  the  rivet. 

Conclusion:  The  exaggerated  shear  and  bearing  values  on 
rivets  may  be  traced  to  a  certain  confusion  of  ideas  relative  to  impact. 
The  first  high  values  for  rivet  shear  in  bearing  appear  to  be  those 
associated  with  Pencoyd  specification  which  amounts  to  an  increase 
in  the  figured  shear  of  over  90  percent  on  a  twenty-five  foot  stringer 
and  50  percent  on  a  three  hundred  foot  main  truss  chord  but  if  this 
increase  in  the  stress  on  the  principal  member  is  necessary  to  provide 
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for  impact  upon  what  line  of  reasoning  is  to  be  presumed  that  the 
same  impact  allowance  should  not  l)e  applied  to  the  rivet  which 
makes  good  the  value  of  the  sectional  area  of  the  part? 

Confusion  and  misunderstanding  regarding  the  origin  of  excessive 
working  values  is  such  that  stresses  in  excess  of  the  elastic  range  of 
the  metal  have  lieen  adopted  in  buildings  and  structures  subjected 
to  quiescent  loads.  What  will  Ijecome  of  this  frictional  resistance  of 
the  joint  on  the  enclosed  bearing  in  case  it  is  exposed  to  heat  with 
even  an  insignificant  fire  in  the  building  is  a  question  which  the  pur- 
chaser of  the  building  and  the  architect  as  well  should  Ix?  interested 
in  and  it  seems  incumbent  on  those  to  explain  who  have  the  temerity 
to  recommend  such  abnormal  values  for  the  detail  design  of  important 
building  constructions. 

Admittedly  the  stresses  to  which  the  rivet  is  subjected  are  com- 
plex. The  tensile  stress  from  shrinkage  may  readily  be  greater  than 
that  which  we  have  figured.  Again  in  upsetting  the  rivet  in  the  hole 
through  punched  plates  there  are  frequently  offsets  in  the  plate 
joints  where  the  hole  is  not  reamed  out  and  the  rivet  in  bending  may 
act  as  a  nicked  section  instead  of  one  presenting  a  uniform  and  con- 
stant moment  of  inertia.  All  of  these  uncertainties  warrant  the  con- 
servative adoption  of  relatively  low  working  stresses  instead  of 
endeavoring  to  strain  the  material  as  close  to  its  yield  point  value  as 
it  can  be  expected  to  go  and  still  have  the  frame  stand  up. 

If  the  pin  values  were  figured  as  the  rivet  has  been  a>mputed 
for  12,000  lbs.  shear  and  24,000  lbs,  bending  the  maximum  filler 
stress  would  equal  12  + Vl2»-fl2»»  28.964  lbs.  per  sq.  in.  But  for  the 
pin  to  be  comparable  to  the  ordinar>'  rivet  the  maximum  16  in.  eye 
bars  on  a  12  in.  pin  would  need  to  be  about  10  inches  thick  instead 
of  2  in.,  the  maximum  made;  i.  e.,  the  shear  value  in  general  is  far 
smaller  than  specifietl  and  the  length  of  the  cantilever  developing 
bending  is  of  a  much  lower  order  for  the  length  ratio  L/D  in  the  case 
of  the  pin. 

The  flexural  stress  developed  in  the  pin  is  relatively  less  than  in 
a  beam  of  normal  L/D  ratio  to  which  our  flexure  formula  strictly 
applies.  The  different  proportion  of  the  rivet  or  relation  of  its  dia- 
meter to  the  thickness  of  the  plate  amnectetl  renders  the  computed 
flexural  stress  approximately  in  accord  with  that  actually  develojietl. 

In  noting  that  the  computation  of  the  combine*!  stress  in  the 
rivet  and  pin  is  the  same  as  that  of  combined  liending  and  shear  in 
the  vh.ift   it   i^  ill  (irdtT  to  [xiiiit  oui   the  dirt^erence  Ivlween  tieam 
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action  and  the  relation  of  bending  and  shear  in  rivet  and  pin 
resistance.  In  beam  action  the  shear  passes  through  zero  where  the 
bending  moment  passes  through  a  maximum.  Moreover,  the  great- 
est shear  is  at  the  neutral  plane  of  the  beam  and  is  zero  at  the  outer 
fiber  because  these  shears  are  the  product  of  predominant  transverse 
stress  in  contradistinction  to  predominant  shearing  stress.  With  pre- 
dominant shearing  stress  the  maximum  shear  stress  occurs  at  the 
locus  of  the  cutting  edge  in  place  of  the  center  of  thickness,  hence 
the  shear  stress  and  the  bending  stress  pass  through  a  maximum  at 
approximately  the  same  position  on  the  extreme  fiber  as  a  diagram 
of  the  distribution  of  the  principal  stresses  would  pictorially  disclose. 
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